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ABSTRACT	  	   Neural	   stem	   cells	   (NSCs)	   reside	   in	   special	   niches	   in	   the	   adult	   brain,	   including	  subventricular	   zone	   (SVZ)	   of	   the	   lateral	   ventricle	   and	   subgranular	   zone	   (SGZ)	   of	   the	  dentate	   gyrus.	   Blood	   vessels	   are	   an	   important	   coumpound	   of	   the	   neurogenic	   niches	   as	  they	   secreate	   proteins	   such	   as	   betacellulin	   (BTC)	   that	   stimulate	   NSC	   proliferation,	   self-­‐renewal	  and	  differentiation.	  BTC	  is	  a	  member	  of	  the	  epidermal	  growth	  factor	  (EGF)	  family	  of	   ligands,	  and	  has	  been	  widely	  studied	   in	  many	  different	  contexts.	  Recently,	   it	  has	  been	  demonstrated	  that,	   in	  vitro,	  BTC	  can	   induce	  NSC	  proliferation,	  promote	  self-­‐renewal	  and	  prevent	  spontaneous	  differentiation.	   In	  vivo,	  BTC	  can	  also	  promote	  neurogenesis.	  BTC	   is	  released	  into	  the	  neurogenic	  niche	  by	  endothelial	  cells	  of	  the	  microvasculature	  and	  by	  the	  choroid	  plexus	  (CP).	  It	  is	  thought	  that	  BTC	  activity	  in	  NSCs	  is	  mediated	  through	  ErbB1	  and	  ErbB4	  receptors	  whose	  activation	  stimulate	  the	  AKT	  and	  MEK	  signalling	  pathways.	  	  In	  my	   thesis	   I	   carried	  out	  analysis	  understanding	   the	   influence	  of	  BTC	  and	  other	  growth	  factors	  on	  NSCs	  in	  vitro	  using	  the	  neurosphere	  assay	  and	  measuring	  neurospheres	  number	   and	   size.	   I	   also	   studied	   the	   importance	   of	  AKT	   and	  MEK	   signalling	  pathways	   in	  NSCs	   cultivated	   in	  medium	  supplemented	  with	  different	   growth	   factors	   including	  BTC.	   I	  observed	  an	  increase	  in	  cell	  cycle	  arrest	  when	  inhibitors	  of	  both	  signalling	  pathways	  were	  added	   together	   in	   all	   culture	   conditions.	   Studies	   to	   better	   characterize	   the	   interaction	  between	   neurogenic	   niche	   and	   BTC	   were	   also	   carried	   out	   using	   newly	   developed	  visualisation	  techniques,	  SeeDB	  and	  CLARITY	  that	  allowed	  us	  to	  have	  a	  3D	  perspective.	  In	  parallel,	   I	   made	   BTC	   conditional	   and	   BTC	   reporter	   contructs	   for	   generating	  mice	   using	  newly	  developed	  CRISPR/	  Cas	  9	  technique.	  These	  mice	  will	  allow	  us	  to	  better	  understand	  the	  relative	  importance	  of	  BTC	  in	  adult	  NSCs	  and	  whether	  BTC	  transcription	  is	  modulated.	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   RESUMO	  	  As	   células	   estaminais	   neuronais	   estão	   localizadas	   em	   nichos	   celulares	  especializados	   no	   cérebro	   adulto,	   incluindo	   a	   zona	   subventricular	   (ZSV)	   no	   ventrículo	  lateral	   e	   a	   zona	   subgranular	   (ZSG)	   no	   giro	   denteado.	   Os	   vasos	   sanguíneos	   são	   um	  componente	   importante	  dos	  nichos	  neurogenicos	  pois	  eles	   secretam	  proteínas	  como	  é	  o	  caso	   da	   betacelulina	   (BTC)	   que	   estimula	   a	   proliferação,	   auto-­‐renovação,	   e	   diferenciação	  das	  células	  estaminais	  neuronais.	  A	  BTC	  é	  um	  membro	  da	  família	  de	  ligandos	  do	  factor	  de	  crescimento	  epidermal,	  e	  tem	  sido	  amplamente	  estudada	  em	  muitos	  contextos	  diferentes.	  Recentemente,	   foi	   demonstrado	   que,	   a	   BTC	   induz	   a	   proliferação,	   promove	   a	   auto-­‐renovação	  e	  previne	  a	  diferenciação	  espontânea	  das	  células	  estaminais	  neuronais,	  in	  vitro.	  
In	  vivo,	   a	  BTC	   também	  promove	  a	  neurogénese.	  A	  BTC	  é	   libertada	  no	  nicho	  neurogénico	  pelas	   células	   endoteliais	   da	   microvasculatura	   e	   pelo	   plexo	   coróide.	   	   Pensa-­‐se	   que	   a	  atividade	   da	   BTC	   nas	   células	   estaminais	   neuronais	   é	  mediada	   pelos	   receptores	   ErbB1	   e	  ErbB4,	  cuja	  ativação	  estimula	  as	  vias	  de	  sinalização	  AKT	  e	  MEK.	  Na	   minha	   tese,	   procedi	   a	   análises	   por	   forma	   a	   perceber	   a	   influência	   da	   BTC	   e	  outros	  factores	  de	  crescimento	  nas	  células	  estaminais	  neuronais,	  in	  vitro,	  usando	  para	  isso	  o	   ensaio	   de	   neuroesferas	   bem	   como	   medindo	   o	   diâmetro	   e	   contando	   o	   número	   de	  neuroesferas.	   Também	   estudei	   a	   importância	   das	   vias	   de	   sinalização	   AKT	   e	   MEK	   nas	  células	   estaminais	   neuronais	   postas	   em	   cultura	   em	  meio	   suplementado	   com	   diferentes	  factores	  de	  crescimento	  incluindo	  a	  BTC.	  Em	  todas	  as	  condições	  de	  cultura,	  eu	  observei	  um	  aumento	  da	  paragem	  do	  ciclo	  celular	  quando	  foram	  adicionados	  os	  inibidores	  de	  ambas	  as	  vias	   de	   sinalização	   em	   conjunto.	   Foram	   também	   levados	   a	   cabo	   estudos	   para	   melhor	  perceber	  a	  interação	  entre	  o	  nicho	  neurogénico	  e	  a	  BTC	  usando	  para	  isso	  novas	  técnicas	  de	  visualização	  ,	  como	  é	  o	  caso	  do	  SeeDB	  e	  do	  CLARITY	  que	  nos	  permitiu	  ter	  uma	  perspectiva	  3D	  dessa	  mesma	  interação.	  Em	  paralelo,	  eu	  criei	  construções	  para	  gerar	  ratos	  condicionais	  e	  ratos	  repórter,	  usando	  a	  nova	  técnica	  CRISPR/Cas	  9.	  Estes	  ratos	  irão	  permitir-­‐nos	  melhor	  perceber	  a	  importância	  relativa	  da	  BTC	  nas	  células	  estaminais	  adultas	  e	  	  também	  perceber	  onde	  a	  transcrição	  da	  BTC	  é	  modulada.	  	  Palavras	  Chave:	  Neurogénese	  adulta,	  ZSV,	  Betacelulina,	  SeeDB,	  CLARITY,	  CRISPR/Cas	  9	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   IV	  
LIST	  OF	  CONTENTS	  
Acknowledgements	  ................................................................................................................	  I	  
Abstract	  ....................................................................................................................................	  II	  
Resumo	  ...................................................................................................................................	  III	  
List	  of	  Figures	  ........................................................................................................................	  VI	  
Abbreviations	  .......................................................................................................................	  IX	  
Chapter	  I-­‐Introduction	  ........................................................................................................	  1	  
I-­‐1-­‐	  Neural	  development	  during	  embryogenesis	  in	  vertebrates	  ....................................	  2	  
I-­‐2	  –	  CNS	  ..............................................................................................................................................	  3	  I-­‐2.2-­‐	  Brain	  Structure	  ...................................................................................................................................	  4	  
I-­‐3-­‐	  Neural	  formation/	  Neurogenesis	  .......................................................................................	  5	  I-­‐3.1	  –	  Embryonic	  neurogenesis	  .............................................................................................................	  6	  I-­‐3.2–	  Adult	  Neurogenesis	  .........................................................................................................................	  7	  
I-­‐4	  –	  Mitogenic	  factors	  ................................................................................................................	  18	  I-­‐4.1	  –	  BTC	  and	  neurogenesis	  ...............................................................................................................	  20	  I-­‐4.2-­‐	  BTC	  downstream	  signalling	  .......................................................................................................	  22	  
I-­‐	  5-­‐	  Transgenic	  Mice	  ...................................................................................................................	  26	  
I-­‐6-­‐	  CRISPR	  –Cas	  System	  ............................................................................................................	  27	  I-­‐6.1-­‐	  Repair	  Mechanisms	  mediated	  by	  the	  CRISPR-­‐Cas	  9	  system	  .......................................	  28	  I-­‐6.2-­‐	  Applications	  and	  advantages	  of	  the	  CRISPR	  –Cas9	  system	  .........................................	  30	  I-­‐6.3-­‐	  Limitations	  of	  the	  CRISPR	  –Cas9	  system	  .............................................................................	  32	  
I-­‐	  7	  -­‐	  Project	  outline:	  ....................................................................................................................	  33	  
Chapter	  II-­‐	  Material	  and	  methods	  .................................................................................	  34	  
II-­‐1-­‐Animal	  regulation,	  husbandry	  and	  tissue	  harvesting	  .............................................	  35	  II-­‐	  1.1-­‐Legal	  Declaration	  and	  mouse	  husbandry	  ...........................................................................	  35	  II-­‐1.2-­‐Tissue	  fixation	  and	  processing	  ................................................................................................	  35	  
II-­‐2-­‐	  Cell	  culture	  ............................................................................................................................	  37	  II-­‐	  2.1-­‐	  Neurosphere	  formation	  and	  propagation	  ........................................................................	  37	  II-­‐2.2-­‐	  Embryonic	  Stem	  (ES)	  Cells	  .......................................................................................................	  37	  
II-­‐3-­‐	  Transfections	  .......................................................................................................................	  38	  
II-­‐4-­‐	  Picking	  ES	  cells	  for	  screening	  .........................................................................................	  39	  
II-­‐5-­‐	  PCR	  amplification	  ...............................................................................................................	  39	  II-­‐5.1-­‐	  High	  Fidelity	  PCR	  ..........................................................................................................................	  39	  II-­‐5.2-­‐	  Conventional	  PCR	  .........................................................................................................................	  39	  
II-­‐6-­‐	  Restriction	  enzymes	  ..........................................................................................................	  40	  
II-­‐7-­‐	  Antartic	  Phosphatase	  ........................................................................................................	  40	  
II-­‐8-­‐	  Ligation	  ..................................................................................................................................	  40	  
II-­‐9-­‐	  Transformation	  ...................................................................................................................	  40	  
II-­‐10-­‐	  Selection	  of	  Colonies	  .......................................................................................................	  40	  
II-­‐11-­‐Extraction	  of	  DNA	  ..............................................................................................................	  41	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   V	  
II-­‐11.1-­‐	  Extraction	  of	  plasmid	  DNA	  by	  mini	  prep	  .........................................................................	  41	  II-­‐11.2-­‐Extraction	  of	  plasmid	  DNA	  by	  Midi	  Prep	  ..........................................................................	  41	  II-­‐11.3-­‐	  Extraction	  of	  genomic	  DNA	  ...................................................................................................	  42	  
II-­‐12-­‐	  Measuring	  Concentration	  ..............................................................................................	  42	  
II-­‐13-­‐	  CRISPR	  Cloning	  .................................................................................................................	  42	  
II-­‐14-­‐	  Southern	  Blot	  .....................................................................................................................	  43	  II-­‐14.1-­‐DNA	  digestion	  and	  gel	  running	  .............................................................................................	  43	  II-­‐14.2-­‐Transfer	  to	  the	  membrane	  ......................................................................................................	  43	  II-­‐14.3-­‐Amplifying	  and	  labeling	  the	  probes	  ....................................................................................	  44	  II-­‐14.4-­‐	  Membrane	  labeling	  ...................................................................................................................	  44	  II-­‐14.5-­‐	  Membrane	  washing	  ..................................................................................................................	  44	  
II-­‐15-­‐Immunostaining	  ................................................................................................................	  45	  II-­‐15.1-­‐Immunostaining	  using	  CLARITY	  ..........................................................................................	  45	  II-­‐15.2-­‐	  Immunostaining	  using	  SeeDB	  ..............................................................................................	  45	  II-­‐15.3-­‐	  Immunocytochemistry	  ............................................................................................................	  46	  
II-­‐16-­‐	  Image	  acquisition	  and	  processing	  ..............................................................................	  48	  
Chapter	  III-­‐Results	  .............................................................................................................	  49	  
III-­‐1-­‐	  Neurospheres	  .....................................................................................................................	  50	  III-­‐1.1-­‐	  Neurosphere	  Growth	  .................................................................................................................	  50	  III-­‐1.2-­‐	  Neural	  stem	  cell	  proliferation	  is	  blocked	  by	  signalling	  pathway	  inhibitors.	  ....	  54	  
III-­‐2-­‐Deep	  tissue	  visualization	  .................................................................................................	  55	  III-­‐2.1-­‐	  SeeDB	  Protocol	  ............................................................................................................................	  55	  III-­‐2.2-­‐	  CLARITY	  Protocol	  .......................................................................................................................	  59	  
III-­‐	  3.Generation	  of	  BTC	  conditional	  KO	  mice	  ....................................................................	  62	  III-­‐3.1-­‐Design	  and	  Cloning	  ......................................................................................................................	  62	  III-­‐3.2-­‐Transfecting	  ESCs	  ........................................................................................................................	  65	  
III-­‐4-­‐Generating	  BTC	  reporter	  mice	  ......................................................................................	  67	  III-­‐4.1-­‐Design	  and	  cloning	  ......................................................................................................................	  67	  III-­‐4.2Transfecting	  ESCs	  ..........................................................................................................................	  73	  III-­‐4.3-­‐Southern	  Blot	  .................................................................................................................................	  73	  
Chapter	  IV-­‐Discussion	  .......................................................................................................	  78	  
IV-­‐	  1-­‐	  Neurospheres	  and	  Deep	  tissue	  visualization	  ..........................................................	  79	  
IV-­‐2-­‐	  Generation	  of	  a	  conditional	  mutant	  mouse	  ..............................................................	  82	  
IV-­‐3-­‐Generation	  of	  BTC	  reporter	  mice	  ..................................................................................	  86	  
Chapter	  V-­‐	  Concluding	  Remarks	  ....................................................................................	  90	  
Chapter	  VI-­‐	  References	  .....................................................................................................	  92	  
Chapter	  VII-­‐	  Tables	  .........................................................................................................	  107	  
Chapter	  VIII-­‐	  Supplementary	  Figures	  .......................................................................	  113	  	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   VI	  
LIST	  OF	  FIGURES	  	  
Figure	  1	  –	  Neural	  tube	  formation	  in	  mammals.	   	   	   	   	   	   	  	  	  	  	  3	  
Figure	  2	  –	  Mouse	  brain	  development.	   	   	   	   	   	   	   	  	  	  	  	  5	  
Figure	  3-­‐	  	  Illustration	  of	  the	  work	  of	  Wilhelm	  His	  (1904).	   	   	   	   	  	  	  	  	  6	  
Figure	  4-­‐	  Radial	  migration	  in	  dorsal	  telencephalon.	   	   	   	   	   	  	  	  	  	  7	  
Figure	  5-­‐	  Adult	  neurogenesis	  in	  rodent	  brain.	   	   	   	   	   	   	  	  	  	  	  9	  
Figure	   6-­‐	   Schematic	   representation	   of	   neurogenesis	   in	   adult	   hippocampal	   dentate	   gyrus.
	   	   	   	   	   	   	   	   	   	   	   	  	  	  10	  
Figure	   7-­‐	   In	   subventricular	   zone	   (SVZ)	   progenitor	   cells	   (A-­‐C)	   are	   located	   in	   close	   contact	  
with	   ependymal	   cell	   (E)	   layer	   and	   they	   interact	  with	   basal	   lamina	   (BL)	   that	   extends	   from	  
local	  vasculature.	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  13	  
Figure	   8-­‐	   Development	   stages	   of	   adult	   neurogenesis	   and	   markers	   characterizing	   the	  
development	  of	  newborn	  neurons	  in	  the	  SVZ-­‐olfactory	  bulb.	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  14	  
Figure	   9–	   Schematic	   representation	   of	   Choroid	   Plexus	   (CP)	   within	   the	   human	   lateral	  
ventricle.	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  16	  
Figure	  10-­‐	  In	  SVZ,	  dividing	  cells	  are	  located	  adjacent	  to	  blood	  vessels.	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  18	  
Figure	  11-­‐	  Neurogenic	  niche	  close	  to	  blood	  vessels.	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  19	  
Figure	  12	  -­‐BTC	  leads	  to	  the	  activation	  of	  EGFR	  and	  ErbB4	  in	  vivo.	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  20	  
Figure	  13-­‐The	  infusion	  of	  BTC	  stimulates	  the	  growth	  of	  NSCs	  and	  precursor	  cells	  in	  the	  SVZ	  of	  
the	  adult	  mouse	  brain.	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  22	  
Figure	  14-­‐	  BTC	  signalling	  pathway	  emanating	  from	  ErbB1.	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  24	  
Figure	   15-­‐	   Schematic	   representation	   of	   the	   molecular	   mechanisms	   that	   lead	   to	   cyclin	   D1	  
activation	  in	  vascular	  smooth	  muscle	  cells	  (VSMCs)	  through	  BTC	  binding	  to	  the	  receptors.	  
	   	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  25	  
Figure	  16	  –	  Schematic	  representation	  of	  Streptococcus	  pyogene	  SF370	  CRISPR	  locus	  1.	  	  	  	  	  28	  
	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   VII	  
Figure	   17	   –	   Two	  major	   pathways	   to	   repair	   the	   double	   stranded	   break	   (DSB)	  mediated	   by	  
Cas9.	  
                           29 
Figure	  18	  –	  Schematic	  representation	  of	  pX333	  plasmid	  with	  BbsI	  resctriction	  sites	  and	  U6	  
promoter.	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  43	  
Figure	  19-­‐	  Number	  of	  neurospheres	  per	  cm2	  in	  medium	  supplemented	  with	  different	  growth	  
factors.	  	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  50	  
Figure	   20	   –	   Graph	   representing	   the	   volume	   of	   neurospheres	   (pixels3)	   in	   medium	  
supplemented	  with	  BTC+EGF,	  BTC,	  EGF	  and	  FGF+EGF.	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  51	  
Figure	   21-­‐	   Graphs	   representing	   the	   distribution	   of	   neurospheres	   of	   a	   certain	   diameter	  
measured	   in	   pixels	   grown	   in	   presence	   of	   FGF+EGF	   (A),	   BTC	   alone	   (B),	   EGF	   alone	   (C)	   or	  
BTC+EGF	  (D).	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  52-­‐53	  
Figure	  22-­‐	  Graph	  representing	  the	  percentage	  of	  progenitor	  positive	  for	  phosphohistone	  3	  in	  
medium	   supplemented	  with	   FGF+EGF,	   BTC,	   BTC+EGF	   or	   EGF,	   and	   containing	   Akt	   pathway	  
inhibitor	  (LY),	  MEK	  pathway	  inhibitor	  	  (PD).	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  55	  
Figure	   23-­‐	   Two-­‐dimensional	   (left	   hand	   side)	   and	   three-­‐dimensional	   (right	   hand	   side)	   of	  
500μm	  thick	  brain	  section	  of	  wild-­‐type	  mice	  stained	  for	  CD31	  (red)	  at	  the	  dentate	  gyrus	  (DG)	  
level	  (A)	  and	  lateral	  ventricle	  (LV)	  level	  (B)	  of	  wild-­‐type	  mice.	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  57	  
Figure	   24-­‐	   Three-­‐dimensional	   rendering	   of	   500μm	   thick	   brain	   section	   of	   wild-­‐type	   mice	  
stained	  for	  BTC	  (red)	  and	  DAPI	  (blue)	  at	  the	  lateral	  ventricle	  level.	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  58	  
Figure	   25-­‐	   Immunoflurescence	   rendering	   of	   500μm	   thick	   brain	   section	   of	   wild-­‐type	  mice	  
stained	  for	  BTC	  (red)	  and	  DAPI	  (blue)	  at	  the	  dentate	  gyrus	  (DG)	  level.	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  59	  
Figure	   26-­‐	   Three-­‐dimensional	   rendering	   of	   an	   entire	   brain	   of	   wild-­‐type	   mice	   stained	   for	  
GFAP	  (green).	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  60	  
Figure	  27	  –Three-­‐dimensional	  rendering	  of	  1	  mm	  thick	  brain	  section	  stained	  for	  BTC	  (red)	  
and	  DAPI	  (blue).	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  61	  
Figure	   28	   –	   Immunostaining	   on	   cleared	   section	   labelled	   with	   BTC	   at	   1/25	   dilution	   (red).	  
	   	   	   	   	   	   	   	   	   	   	   62	  
Figure	   29-­‐	   Schematic	   representation	   of	   BTC	   genomic	   locus	   and	   loxP	   sequences	   that	   we	  
intend	  to	  introduce.	   	   	   	   	   	   	   	   	   63	  
Figure	   30-­‐	   Output	   of	   crispr.mit.edu	   website	   with	   different	   guide	   RNA	   and	   the	   matching	  
scores	  targeting	  intron	  2.	  	   	   	   	   	   	   	   	   64	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   VIII	  
Figure	  31-­‐	  Schematic	  representation	  of	   the	  sgRNA	  and	  one	  allele	  of	  the	  double	  strand	  DNA	  
targeting	  BTC	  intron	  2	  and	  intron	  4.	   	   	   	   	   	   	   65	  
Figure	  32-­‐	  Digestions	  of	  G1	  int2	  ESCs	  clones	  with	  EcoRI.	  Only	  clone	  1	  seemed	  to	  be	  positive	  
for	  the	  integration	  of	  Loxp	  site.	  	   	   	   	   	   	   	   66	  
Figure	   33-­‐	  Digestions	   of	   G2	   int2	   ESCs	   clones	  with	   EcoRI.	   None	   of	   the	   clones	   seemed	   to	   be	  
positive	  for	  the	  integration	  of	  Lox	  p	  site.	   	   	   	   	   	   66	  
Figure	   34-­‐	   Digestions	   of	   G1	   int4	   ESCs	   clones	   with	   NheI.	   None	   of	   the	   clones	   seemed	   to	   be	  
positive	  for	  the	  integration	  of	  Lox	  p	  site.	   	   	   	   	   	   67	  
Figure	   35-­‐	   Digestions	   of	   G3	   int4	   ESCs	   clones	   with	   NheI.	   None	   of	   the	   clones	   seemed	   to	   be	  
positive	  for	  the	  integration	  of	  Lox	  p	  site.	   	   	   	   	   	   67	  
Figure	   36	   -­‐	   Schematic	   representation	   of	   BTC	   genomic	   locus	   and	   5’	   and	   3’	   homology	   arms.
	   	   	   	   	   	   	   	   	   	   	   68	  
Figure	  37–	  Linear	  representation	  of	  pnTKV-­‐T2A-­‐td-­‐tomato	  vector.	   	   	   69	  
Figure	   38–	   Clones	   of	   pnTKV-­‐T2A-­‐td-­‐Tomato	   containing	   the	   3’	   arm,	   digested	   with	   SacII.	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	   	  	   	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  70	  
Figure	  39	  –PnTKV-­‐T2A-­‐td-­‐Tomato-­‐	  3’	  BTC	  digestions	  made	  with	  BamHI.	   	   71	  
Figure	  40–	  Digestions	  of	  pnTKV-­‐T2A-­‐td-­‐Tomato-­‐3’	  arm	  with	  5’arm	  F2	  with	  HpaI.	   72	  
Figure	  41–	  Digestions	  of	  BTC	  5’-­‐pnTKV-­‐T2A-­‐td-­‐Tomato-­‐	  BTC	  3’	  with	  HindIII.	   	   72	  
Figure	   42–	   Schematic	   overview	  of	   restriction	  digest	   for	   Southern	  Blot	   using	  XmaI	   in	  wild-­‐
type	  (A)	  and	  reporter	  allele	  (B).	   	   	   	   	   	   	   74	  
Figure	  43–	  Schematic	  overview	  of	  double	  restriction	  digest	  for	  Southern	  Blot	  using	  XmaI	  and	  
SacII	  in	  wild-­‐type	  (A)	  and	  reporter	  allele	  (B).	   	   	   	   	   	   75	  
Figure	  44	  –	  Schematic	  overview	  of	  restriction	  digest	   for	  Southern	  Blot	  using	  EcoRI	   in	  wild-­‐
type	  allele	  (A)	  and	  reporter	  (B)	  allele.	   	   	   	   	   	   	   76	  
Figure	  45	  –Southern	  Blot	  analysis	  with	  EcoRI	  digestion	  in	  pnTKV-­‐T2A-­‐td-­‐tomato,	  G5	  int5	  and	  
G7	  int5	  clones.	  	  	  	   	   	   	   	   	   	   	   	   77	  
Figure	  46-­‐	  Models	  of	  DSBs	  repair	  via	  SSA	  using	  ssOligo	  as	  a	  template.	   	   	   84	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ABBREVIATIONS	  	  	  
AVE-­‐	  Anterior	  Visceral	  Endoderm	  
BDNF	  –	  Brain-­‐Derived	  Neurotrophic	  Factor	  	  
bFGF	  -­‐	  basic	  Fibroblast	  Growth	  Factor	  	  
BL	  -­‐Basal	  Lamina	  	  
BMPs	  -­‐	  Bone	  Morphogenetic	  Proteins	  	  
BrdU	  -­‐	  Bromodeoxyuridine	  	  
BTC	  -­‐	  Betacellulin	  	  
CNS-­‐	  Central	  Nervous	  System	  
CP-­‐	  Choroid	  Plexus	  
CRISPR-­‐	  Clustered	  Regulatory	  Interspaced	  Short	  Palindromic	  Repeats	  
crRNA-­‐	  CRISPR	  RNA	  
CSF	  -­‐	  Cerebrospinal	  Fluid	  
DG-­‐	  Dentate	  Gyrus	  
DSB-­‐Double	  Stranded	  Break	  
dsOligo-­‐	  double-­‐stranded	  Oligonucleotide	  
ECs-­‐	  Endothelial	  Cells	  
EGF	  -­‐	  Epidermal	  Growth	  Factor	  	  
EGFP-­‐	  Enhance	  Green	  Fluorescent	  Protein	  
EGF-­‐R	  –	  Epidermal	  Growth	  Factor	  Receptor	  
EPL-­‐	  External	  Plexiform	  Layer	  
ESCs-­‐	  Embryonic	  Stem	  Cells	  
FGF-­‐	  Fibroblast	  Growth	  Factor	  
FGF-­‐2-­‐	  Fibroblast	  Growth	  Factor	  2	  	  
GCL-­‐	  Granule	  Cell	  Layer	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   X	  
gDNA-­‐	  genomic	  DNA	  
GFP-­‐	  Green	  Fluorescent	  Protein	  
GL-­‐	  Glomerular	  Layer	  
GFAP	  -­‐	  Glial	  Fibrillary	  Acidic	  Protein	  	  
GSK	  3-­‐Glycogen	  Synthase	  Kinase	  3	  
HDR-­‐ Homology	  Directed	  Repair	  
IEG-­‐	  Immediate	  Early	  Gene	  
IGF-­‐1-­‐	  Insulin-­‐like	  Growth	  Factor	  1	  	  	  
IL8-­‐	  Interleukin	  8	  	  
KO-­‐Knock	  Out	  (null	  mutation	  made	  by	  gene	  targeting)	  
LEF-­‐1-­‐	  Lymphoid	  Enhancer	  Factor-­‐1	  	  
LTP-­‐	  Long	  Term	  Potentiation	  
LV-­‐Lateral	  Ventricles	  
MEK	  -­‐	  MAPK/ErK	  kinase	  	  
Mi-­‐	  Mitral	  cell	  layer	  
mRNA-­‐	  messenger	  RNA	  
MSB-­‐	  Multiple-­‐Synapse	  Boutons	  
NECs	  -­‐	  Neuroepithelial	  Cells	  
NHEJ	  -­‐Non-­‐Homologous	  End	  Joining	  	  
NSCs-­‐	  Neural	  Stem	  Cells	  
OB-­‐Olfactory	  Bulb	  
PDGF	  -­‐	  Platelet-­‐Derived	  Growth	  Factor	  	  
PEDF	  -­‐	  Pigment	  Epithelium-­‐Derived	  Factor	  	  	  
PHH3-­‐	  Phosphohistone	  H3	  
PI	  3-­‐Kinase	  -­‐	  Phosphatidylinositol	  3-­‐Kinase	  	  
PNS-­‐	  Peripheral	  Nervous	  System	  
PSA-­‐NCAM	  -­‐	  Polysialylated	  Neural	  Adhesion	  Molecule	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   XI	  
RMS-­‐	  Rostral	  Migratory	  Stream	  
SC-­‐	  Stem	  Cell	  
SEZ-­‐	  Subependymal	  zone	  
SGZ	  -­‐	  Subgranular	  Zone	  
SSA-­‐	  Single-­‐Stranded	  Annealing	  
SSB-­‐	  Single-­‐Synapse	  Boutons	  
ssOligo-­‐	  single-­‐stranded	  Oligonucleotide	  
SVZ-­‐	  Subventricular	  Zone	  
TALENS-­‐	  Transcription	  Activator-­‐Like	  Effector	  Nucleases	  
TGF-­‐α	  -­‐	  Transforming	  Growth	  Factor	  alfa	  
tracrRNA-­‐	  trans-­‐encoded	  small	  RNA	  
UTR-­‐	  Untranslated	  Region	  
VEGF	  -­‐	  Vascular	  Endothelial	  Growth	  Factor	  	  
VSMCs-­‐	  Vascular	  Smooth	  Muscle	  Cells	  
VZ-­‐	  Ventricular	  Zone	  
ZFNS-­‐	  Zinc-­‐Finger	  Nucleases  
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I-­‐1-­‐	  NEURAL	  DEVELOPMENT	  DURING	  EMBRYOGENESIS	  IN	  VERTEBRATES	  	   One	   of	   the	   fundamental	   biological	   questions	   is	   how	   a	   single	   fertilized	   egg	   can	  generate	   a	   whole	   organism,	   with	  many	   hundreds	   of	   different	   cell	   types	   arranged	   in	   an	  appropriate	   pattern	   and	   functionally	   integrated.	   This	   is	   especially	   true	   of	   the	   nervous	  system,	   which	   is	   particularly	   complex.	   Neural	   precursors	   first	   arise	   in	   the	   vertebrate	  embryo	   at	   gastrula	   stages	   when	   the	   ectoderm	   is	   subdivided	   into	   two	   identifiable	  components,	   the	   presumptive	   neural	   ectoderm	   and	   the	   presumptive	   epidermis.	   The	  different	  developmental	   fates	  are	  governed	  by	   inductive	   tissue	   interactions	  between	   the	  ectoderm	  and	  special	  regions	  of	  the	  embryo	  with	  organizer	  activity	  (such	  as	  the	  anterior	  visceral	   endoderm	   (AVE)	   and	   the	   node),	   populations	   of	   cells	   secreting	   various	   factors	  important	   for	  neural	  development	   (Lanza,	  2006,	   chap.	  18;	  Marshak,	  Gardner,	  &	  Gottlieb,	  2001,	  chap.	  18).	  	  The	  Neural	  plate,	  or	  neuroepithelium,	  is	  a	  thickened	  region	  of	  ectoderm	  on	  the	  dorsal	  surface	  of	   the	  early	  embryo	   (Greene,	  D.E,	  Nicholas,	  &	  Copp	   J.,	  2009)	  and	   is	  patterned	  by	  factors	   secreted	   by	   the	   underlying	   notochord	   (Lanza,	   2006).	   	   The	   neural	   plate	  subsequently	   forms	   a	   tube,	   consisting	   of	   neuroepithelial	   cells	   (NECs)	   of	   central	   nervous	  system	  (CNS)	  –	  forming	  progenitors	  arranged	  around	  a	  central	   lumen	  that	  extends	  along	  the	   anterior-­‐posterior	   axis	   (Figure	   1).	   While	   cells	   at	   the	   margin	   of	   the	   neural	   plate	  generate	   part	   of	   the	   peripheral	   nervous	   system	   (PNS)	   comprising	   nerves	   and	   ganglia	  outside	  the	  CNS	  (Andoniadou	  &	  Martinez-­‐Barbera,	  2013),	  the	  neural	  tube	  develops	  as	  the	  brain	  anteriorly	  and	  the	  spinal	  cord	  posteriorly.	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Figure	   1	   –	   Neural	   tube	   formation	   in	   mammals.	   (A)	   During	   gastrulation,	   the	   neural	   plate	  
starts	  to	  exhibit	  apical-­‐basal	  polarity,	  through	  signals	  produced	  by	  two	  specialized	  midline	  
structures,	  one	  at	  the	  ventral	  pole	  of	  neural	  tube	  (red	  cells)	  and	  the	  other	  at	  the	  dorsal	  pole	  
(green	   cells);	   (B)	   After	   these	   the	   neural	   plate	   gives	   rise	   to	   neural	   tube	   which	   consist	   of	  
neuroepithelial	   cells	   (NECs)	   that	   respond	   to	   signals	   emanating	   in	  part	   from	   	   the	   floor	   and	  
roof	  plates	  (adapted	  from	  Lanza,	  2006).	  	  
	   Neural	  tissue	  is	  specified	  during	  neural	  induction	  by	  several	  molecules	  that	  might	  act	  as	   inhibitors	   rather	   than	   inducers.	   The	   model	   that	   is	   currently	   accepted	   for	   neural	  induction	   is	   the	   “default	   model”	   where	   the	   inhibition	   of	   bone	   morphogenetic	   protein	  (BMP)	  signalling	  in	  embryonic	  ectoderm	  results	  in	  neural	  induction	  and	  “in	  the	  absence	  of	  
cell-­‐cell	   signalling,	   ectodermal	   cells	   will	   adopt	   a	   neural	   fate”	   (Andoniadou	   &	   Martinez-­‐Barbera,	  2013;	  Le	  Dréau	  &	  Martí,	  2012;	  Ozair,	  Kintner,	  &	  Brivanlou,	  2013).	  However	  there	  are	  some	  evidences	  that	  point	  that	  inhibition	  of	  BMP	  signalling	  is	  not	  sufficient	  to	  induce	  an	   entire	   ectopic	   neural	   axis	   containing	   anterior	   and	   posterior	   components	   (reviwed	   in	  Andoniadou	  &	  Martinez-­‐Barbera,	  2013).	  	  
I-­‐2	  –	  CNS	  I-­‐2.1-­‐	  Neural	  Population	  	  The	   CNS	   is	   composed	   by	   different	   cell	   types,	   which	   include	   neurons	   and	   glia	  (astrocytes,	  oligondendrocytes).	  Microglia,	  which	  originate	  from	  the	  blood	  system	  are	  also	  present,	  as	  are	  blood	  vessels.	  Neurons	  are	  cells	  specialized	   to	  carry	   information	   through	  an	   electrochemical	   process.	  They	   exist	   in	   abundance	   in	   the	  brain	   and	   their	  morphology,	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whilst	   diverse,	   always	   consists	   of	   three	   main	   components:	   soma,	   axon	   and	   dendrites.	  Neurons	  form	  networks	  by	  interacting	  with	  each	  other.	  Information	  is	  transmitted	  via	  the	  release	   of	   neurotransmitters	   into	   the	   synaptic	   cleft,	   an	   area	   of	   close	   proximity	   between	  two	  neurons.	  Neurotransmitters	  bound	  to	  their	  receptors	  located	  on	  the	  receiving	  neuron	  dendrites	  or	   soma.	  Within	  a	  neuron,	   the	   information	   is	   conducted	  via	  an	  electrical	  wave	  from	  dentrites	  to	  axons	  where	  the	  neurotransmitters	  will	  be	  released	  at	  the	  next	  synapses.	  Astrocytes	  (”star-­‐shaped	  cells)	  have	  very	  diverse	  functions,	  for	  example	  they	  can	  remove	  debris	   within	   the	   brain	   through	   phagocytosis	   (al-­‐Ali	   &	   al-­‐Hussain,	   1996).	   They	   also	  provide	  physical	  support	  to	  neurons	  forming	  a	  matrix	  that	  keep	  the	  neurons	   in	  the	  right	  place	   and	   they	   can	   also	   support	   adult	   neurogenesis	   (Song,	   Stevens,	   &	   Gage,	   2002).	  Oligodendrocytes	  are	  supporting	  cells	  that	  are	  present	  around	  the	  CNS	  neurons	  and	  some	  people	  claim	  that	  they	  are	  similar	  to	  Schwann	  cells	  in	  the	  peripheral	  nervous	  system	  (PNS)	  because	   they	   produce	   myelin	   sheath	   around	   adjacent	   axons	   of	   CNS	   neurons	   (Bradl	   &	  Lassmann,	  2010).	  Myelin	  sheath	  is	  essential	  for	  the	  correct	  function	  of	  the	  nervous	  system	  because	   it	   increases	   the	   speed	   of	   impulses	   propagation	   along	   the	   myelinated	   fiber,	  prevents	   the	   electrical	   current	   leaving	   the	   axon	   and	   protects	   the	   nerve	   fibre.	   Finally,	  microglia	   are	   responsible	   for	   endogenous	   immune	   response	   in	   CNS	   against	   virus	   and	  pathogenic	  factors	  (Aloisi,	  2001).	  	  I-­‐2.2-­‐	  BRAIN	  STRUCTURE	  The	   central	   nervous	   system	   (CNS)	   develops	   differently	   in	   two	   different	   axis:	   the	  anterior/posterior	   axis	   and	   in	   dorsal/ventral	   axis.	   In	   early	   development	   the	   brain	  develops	   from	   the	   anterior	   end	   of	   the	   neural	   tube	   into	   three	   primary	   vesicles:	  telencephalic,	   mesencephalic,	   and	   rhombencephalic	   (also	   known	   as	   forebrain,	   midbrain	  and	   	   hindbrain)	   (Figure	   2).	   As	   development	   proceeds	   the	   forebrain,	   midbrain	   and	  hindbrain	   became	   more	   specialized	   structures.	   The	   forebrain	   gives	   rise	   to	   the	  telencephalon	   (cerebrum)	   (which	   comprising	   the	   cerebral	   cortex,	   hippocampus,	   basal	  ganglia	   and	   olfactory	   bulb)	   and	   the	   diencephalon	   (comprising	   thalamic	   structures).	   The	  midbrain	   comprises	   the	   tectum,	   tegmentum,	   the	   cerebral	   aqueduct	   and	   cerebral	  penduncles.	  It	   is	  localized	  posteriorly	  to	  the	  cerebral	  cortex.	  The	  hindbrain	  develops	  into	  the	  metencephalon	   (cerebellum)	  and	   the	  myelencephalon	   (medulla	  oblongata)	   (Fliegauf,	  Benzing,	  &	  Omran,	  2007).	  At	  the	  meantime,	  the	  neuroepithelium	  gives	  rise	  to	  neurons	  and	  ,as	   it	  happens,	   the	  vesicles	   start	   to	  become	  a	   smaller	   structures	  due	   to	   the	  expansion	  of	  neuroepithelium	  cells.	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Figure	  2	  –	  Mouse	  brain	  development.	  At	  E10,	   the	  brain	  develops	   from	  the	  anterior	  
end	   of	   the	   neural	   tube	   into	   three	   primary	   vesicles:	   telencephalic	   (Tel;	   yellow),	  
mesencephalic	  (Mes;	  blue)	  and	  rhombencephalic	  (Rho;	  orange).	  The	  two	  lateral	  (Lv	  I	  and	  II),	  
third	   (III)	   and	   fourth	   (IV)	   ventricles	   develop	   later	   at	   E14.5.	   At	   P0.5	   the	   cerebral	   aqueduct	  
(Aq)	  is	  formed	  (Fliegauf	  et	  al.,	  2007).	  
	  
I-­‐3-­‐	  NEURAL	  FORMATION/	  NEUROGENESIS	  Wilhelm	   His	   established	   the	   concept	   that	   progenitor	   cells,	   in	   embryonic	   human	  brain,	   first	  divide	  close	  to	  ventricular	  zone	  (VZ),	  and,	  as	  they	  start	  to	  be	  committed,	  stop	  dividing,	  migrate	   to	   their	   final	  position	  where	  they	  stay	   for	   the	  rest	  of	   the	   individual	   life	  (Wilhelm	   His,	   1874,	   1904).	   In	   addition,	   Wilhelm	   His	   also	   recognized	   asymmetrical	   cell	  division,	  by	  which	  one	  daughter	  cell	  remains	  attached	  to	  the	  VZ	  while	  the	  other	  daughter	  cell	  migrates	  and	  differentiates	  (Figure	  3).	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Figure	  3.	  	  Illustration	  of	  the	  work	  of	  Wilhelm	  His	  (1904).	  
	  I-­‐3.1	  –	  EMBRYONIC	  NEUROGENESIS	  	   The	  formation	  of	  neural	  cells	  is	  complex.	  The	  term	  NSCs,	  embryonically,	  “refers	  to	  
the	  early	  population	  of	  dividing	  cells,	  traditionally	  called	  neuroepithelial	  cells,	  which	  line	  the	  
VZ	  and	  have	   the	   potential	   to	   give	   rise	   to	   both	  neurons	   and	  glial	   cells;	   it	   is	   also	   sometimes	  
used,	   however,	   to	   describe	   the	   cells	   that	   translocate	   to	   the	   SVZ,	   which	   are	   also	   called	  
intermediate	   amplifying	   progenitors	   (IAPs)	   or	   intermediate	   neuronal	   progenitors	   (INPs)”	  (Breunig,	  Haydar,	  &	  Rakic,	  2011).	  Some	  studies	  have	  suggested	  that	  some	  neuroepithelial	  cells	   might	   be	   the	   adult	   NSCs	   (Mori	   et	   al.,	   2006).	   In	   dorsal	   telencephalon,	   for	   example,	  neuroepithelial	  cells,	  which	  from	  the	  wall	  of	  neural	  tube	  give	  rise	  to	  earliest	  born	  neurons	  and	   also	   give	   rise	   to	   progenitor	   populations	   that	   include	   radial	   glial	   cells	   and	   basal	  progenitors.	  The	  radial	  glial	  cells	  divide	  at	  the	  ventricular	  surface	  and	  give	  rise,	  directly	  or	  via	  the	  generation	  of	  basal	  progenitors,	  to	  most	  projection	  neurons	  of	  the	  cerebral	  cortex.	  Radial	   glial	   cells	   divide	   preferentially	   asymmetrically	   (Haubensak,	   Attardo,	   Denk,	   &	  Huttner,	   2004;	   Miyata,	   Kawaguchi,	   Saito,	   Kawano,	   &	   Muto,	   2004;	   Noctor,	   Martínez-­‐cerdeño,	   Ivic,	  &	  Kriegstein,	   2004).  On	   the	   other	   hand,	   basal	   progenitors,	   also	   known	   as	  intermediate,	   abventricular	   or	   non	   surface-­‐dividing	   progenitors,	   are	   not	   attached	   to	   the	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ventricular	  surface,	  nor	  do	  they	  divide	  close	  to	  it	  (Guillemot,	  2005).	  It	  is	  known	  that	  they	  give	  rise	  to	  the	  majority	  of	  cortical	  projection	  neurons	  (Haubensak	  et	  al.,	  2004;	  Miyata	  et	  al.,	  2004).	  The	  basal	  progenitors	  divide	  symmetrically	  and	  usually	  give	  rise	  to	  two	  neurons	  (Figure	  4)	  (Haubensak	  et	  al.,	  2004;	  Miyata	  et	  al.,	  2004;	  Noctor	  et	  al.,	  2004)	  .	  
	  
	  
Figure	  4-­‐	  Radial	  migration	  in	  dorsal	  telencephalon.	  In	  dorsal	  telecenphalon,	  the	  stem	  
cells	  (or	  radial	  glia	  cells)	  (cells	  in	  grey)	  divide	  and	  give	  rise	  to	  cortical	  neurons	  (cells	  in	  blue)	  
that	  migrate	   radially.	   Subsequently,	   the	  newborn	  neurons	   (cells	   in	  purple)	  will	  migrate	   to	  
the	   superficial	   marginal	   zone	  
(http://www.mun.ca/biology/desmid/brian/BIOL3530/DB_10/DBNNerS.html).	  	  I-­‐3.2–	  ADULT	  NEUROGENESIS	  	   In	  1928,	  Santiago	  Ramon	  y	  Cajal	  wrote:	  “	  Once	  Development	  was	  ended,	  the	  fonts	  of	  
growth	  and	  regeneration	  of	  axons	  and	  dendrites	  dried	  up	   irrevocably.	   In	   the	  adult	  centres,	  
the	   nerve	   paths	   are	   something	   fixed,	   and	   immutable:	   Everything	  may	   die,	   nothing	  may	   be	  
regenerated”.	  However,	  in	  1962,	  in	  order	  to	  understand	  if	  new	  neurons	  were	  formed	  in	  the	  brains	   of	   adult	   mammals	   that	   suffered	   lesions,	   Joseph	   Atlman,	   through	   an	  autoradiographic	   investigation,	   concluded	   that	   there	  was	  a	  proliferation	  of	   cells	   in	   adult	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rats	  brains	  (Altman,	  1962).	   	  Later,	  in	  1990,	  Alvarez	  Buylla	  et.	  al,	  demonstrated	  that	  there	  was	  neurogenesis	  in	  birds	  (Alvarez-­‐Buylla,	  Kim,	  &	  Nottebohm,	  1990).	  Adult	  neurogenesis	  were	   also	   found	   in	   primates	   (Gould,	   1999)	   and	  human	   (Johansson,	   Svensson,	  Wallstedt,	  Janson,	  &	  Frisen,	  1999).	   It	  has	  been	  demonstrated	   that	   the	   formation	  of	  new	  neurons	   in	  the	   adult	   brain	   occurs	  mainly	   in	   two	  distinct	   areas:	   the	   subventricular	   zone	   (SVZ)	   (also	  called	  subependymal	  zone)	  of	  the	  lateral	  ventricles	  (Lois	  &	  Alvarez-­‐Buylla,	  1993)	  and	  the	  subgranular	   zone	   (or	   subgranular	   layer)	   (SGZ)	   of	   the	   dendate	   gyrus	   (DG)	   of	   the	  hippocampus,	  which	  is	  a	  region	  responsible	  for	  learning	  and	  memory	  (Cameron,	  Woolley,	  McEwen,	  &	  Gould,	  1993;	  F	  H	  Gage,	  Kempermann,	  Palmer,	  Peterson,	  &	  Ray,	  1998;	  Fred	  H.	  Gage,	  2000;	  Fred	  H	  Gage,	  2002).	  More	  recently	  it	  has	  been	  demonstrated	  that	  new	  neurons	  can	  also	  be	  generated	  in	  other	  part	  of	  the	  brain	  such	  as	  the	  substantia	  nigra	  (Zhao	  et	  al.,	  2003),	  the	  piriform	  cortex	  (pekcec	  et	  al.,	  2006)	  or	  the	  hypothalamus	  (Robins	  et	  al.,	  2013;	  Haan	  et	   al.,	   2013).	  However,	   neurogenesis	   in	   these	   areas	   is	   still	   poorly	  understood.	   It	   is	  thought	  that	  the	  unique	  niche	  architectures	  present	  in	  the	  SVZ	  and	  SGL	  permit	  functional	  neurogenesis	   from	  NSCs	   in	  vivo	   (J.	   a	  Miller	   et	   al.,	   2013;	   Silva-­‐Vargas,	  Crouch,	  &	  Doetsch,	  2013;	  Zheng	  et	  al.,	  2013).	  
	  Neuroblasts	   generated	   in	   the	   adult	   SVZ	   migrate	   through	   the	   rostral	   migratory	  stream	   and	   become	   granule	   neurons	   and	   periglomerular	   neurons	   in	   the	   olfactory	   bulb,	  while	  neurons	  generated	  in	  the	  adult	  SGZ	  migrate	  into	  the	  granule	  cell	  layer	  of	  the	  DG	  and	  become	  dentate	  granule	  cells	  (Figure	  5)	  (Zhao,	  Deng,	  &	  Gage,	  2008).	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Figure	   5-­‐	   Adult	   neurogenesis	   in	   rodent	   brain:	   (A)	   Sagittal	   and	   coronal	   representation	   of	  
mouse	  brain	  with	  neurogenic	  sites	  represented	  in	  red.	  Neurogenesis	  can	  occur	  in	  two	  main	  
regions	   of	   the	   adult	   brain:	   the	   subgranular	   zone	   (SGZ)	   of	   the	   dentate	   gyrus	   in	   the	  
hippocampus	   and	   the	   subventricular	   zone	   (SVZ)	   of	   the	   lateral	   ventricles.	  Neuroblasts	   that	  
are	  born	  in	  the	  SVZ	  migrate	  via	  the	  rostral	  migratory	  stream	  (represented	  in	  green)	  to	  the	  
olfactory	  bulb	  where	  they	  are	   incorporated	  as	  neurons;	  (B-­‐E)	  Views	  of	  mouse	  brain	  where	  
neurogenesis	  is	  revealed	  by	  BrdU	  incorporation	  in	  (B)	  olfactory	  bulb,	  (C)	  rostral	  migratory	  
stream,	  (D)	  SVZ,	  and	  (E)	  dendate	  gyrus.	  Inset	  in	  (C)	  is	  a	  sagittal	  view	  of	  the	  rostral	  migratory	  
stream	  before	  reaching	  the	  olfactory	  bulb,	  and	  inset	  in	  (E)	  is	  a	  high-­‐magnification	  view	  of	  the	  
area	  indicated	  by	  the	  arrow	  in	  (E).	  Red,	  BrdU;	  green,	  NeuN	  (Zhao	  et	  al.,	  2008).	  	   It	  remains	  an	  intriguing	  possibility	  that	  adult	  NSCs	  may	  give	  rise	  to	  diverse	  types	  of	  lineage-­‐restricted	   progenitors	   and	   neuroblasts	   that	   are	   heterogeneous	   and	   regionally	  specified.	  In	  the	  SGZ,	  while	  genetic	  evidence	  suggests	  that	  radial	  GFAP+	  NSCs	  correspond	  to	  the	  ancestor	  population	  of	   the	  majority	  of	  new	  neurons	  (Garcia,	  Doan,	   Imura,	  Bush,	  &	  Sofroniew,	  2004),	  non-­‐radial	  Sox2+	  NSCs	  may	  also	  self-­‐renew	  and	  give	  rise	  to	  neurons	  and	  astrocytes	  (Suh	  et	  al.,	  2008).	  Collectively,	  these	  findings	  indicate	  that	  adult	  NSCs	  and	  their	  progeny	   may	   exhibit	   a	   significant	   degree	   of	   functional	   diversity	   resulting	   from	   their	  regional	  distribution	  and	  developmental	  origins.	  In	  addition,	  although	  the	  brain	  does	  not	  have	   a	   high	   capacity	   to	   repair	   itself,	   adult	   NSCs	   do	   respond	   to	   neural	   injury	   with	   an	  attempt	  at	  repair,	  a	   finding	  that	  has	   led	  to	  therapeutic	  strategies	  aimed	  at	  recruiting	  and	  improving	   this	   endogenous	   ability	   (Zhao	   et	   al.,	   2008).	   It	   is	   thought	   by	   some	   that	  many	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forms	  of	  neoplastic	   conditions	   in	  brain	   cancers	  might	   result	   from	  dysregulation	  of	   adult	  NSCs	  in	  vivo	  (Ma,	  Bonaguidi,	  Ming,	  &	  Song,	  2009).	  	  
3.2.1-­‐	  DG	  NEUROGENESIS	  According	   to	   the	   different	   specific	   morphologies	   and	   expression	   of	   unique	   sets	   of	  molecular	  markers,	  there	  are	  two	  different	  types	  of	  neural	  progenitors	  in	  the	  SGZ:	  type	  1	  and	   type	  2	   (which	  may	  arise	   from	   type	  1	   cells)	   (Zhao	  et	   al.,	   2008).	  Type	  1	  hippocampal	  progenitors	   are	   thought	   to	   be	   active	   neural	   stem	   cells	  with	   radial	   process	   spanning	   the	  entire	  granule	  cell	  layer	  (Figure	  6).	  These	  cells	  express	  Nestin,	  glial	  fibrillary	  acidic	  protein	  (GFAP)	  and	  the	  Sry-­‐related	  HMG	  box	  transcription	  factor,	  Sox2	  (Fukuda	  et	  al.,	  2003;	  Garcia	  et	   al.,	   2004;	  Suh	  et	   al.,	   2008).	  Type	  2	   (D	  cells)	  hippocampal	  progenitors	  have	  only	   short	  processes	   and	   do	   not	   express	   GFAP.	   It	   has	   been	   suggested	   that	   there	   is	   a	   reciprocal	  relationship	  between	  type	  1	  and	  2	  cells	  (Suh	  et	  al.,	  2008).	  As	  differentiation	  proceeds,	  DG	  progenitors	   express	   the	   proneural	   transcription	   factor	   Neurogenin2	   (Ngn2)	   and	  Mash1	  (Ascl1)	   (Galichet,	   Guillemot,	   &	   Parras,	   2008).	   The	   newly	   born	   neurons	   integrate	   the	  granular	   layer	   expressing	   marker	   of	   DG	   granule	   neurons	   such	   as	   Prox1,	   become	   fully	  mature	  and	  integrate	  DG	  neuronal	  circuit	  (Lavado	  &	  Oliver,	  2007).	  	  
Figure	   6-­‐	   Schematic	   representation	   of	   neurogenesis	   in	   adult	   hippocampal	   dentate	   gyrus.	  
Type	   1	   cells	   divide	   and	   produce	   type	   2	   cells	   also	   known	   as	   migrating	   neuroblasts.	   The	  
migrating	  neuroblasts	  will	  give	  rise	  to	  immature	  neurons	  that	  will	  integrate	  into	  the	  granule	  
cell	  layer	  and	  give	  rise	  to	  mature	  neurons	  (adapted	  from	  Ozen	  et	  al.,	  2007).	  
	   It	  have	  been	  shown	  that	  adult	  neurogenesis	  can	  be	  modulated	  by	  external	  stimuli	  and	  factors	  such	  as	  exercise,	  playing	  with	  toys,	  and	  avoiding	  stress	  are	  all	  proneurogenic	  events.	  The	  level	  of	  newborn	  cells	  that	  are	  being	  added	  to	  the	  DG	  can	  be	  manipulated	  by	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   11	  
stress	   and	   hormone	   levels	   in	   the	   adult	   rat	   (Mirescu	   &	   Gould,	   2006),	   and	   also,	   age	   and	  environment	   have	   an	   impact	   on	   neurogenesis	   in	   the	   rodent	  DG	   (Kempermann,	   Kuhn,	  &	  Gage,	   1997;	   H.	   G.	   Kuhn,	   Dickinson-­‐Anson,	   &	   Gage,	   1996;	   Speisman	   et	   al.,	   2013).	  Neurogenesis	  increases	  plasticity	  on	  multiple	  levels	  by	  addition	  of	  new	  cells	  and	  structural	  remodeling	  of	  neural	  circuits,	  synaptogenesis,	  and	  changes	  in	  synaptic	  strength.	  The	  neurogenic	  niche	  allow	  the	  maintenance	  of	  NSCs	  by	  different	  factors	  (Zhao	  et	  al.,	   2008).	   NSCs	   niche	   are	   structured	   so	   that	   the	   NSCs	   are	   maintained	   in	   a	   quiescent,	  undifferentiated	  state	  and	  that	  both	  the	  number	  and	  type	  of	  differentiated	  progenies	  can	  be	  modulated	  in	  response	  to	  a	  diverse	  array	  of	  physiological	  cues,	  some	  of	  which	  derive	  at	  a	  significant	  distance	  (Kokovay,	  Shen,	  &	  Temple,	  2008;	  Zhao	  et	  al.,	  2008)	  	   In	  the	  SGZ,	  adult	  hippocampal	  progenitors	  are	  closely	  adjacent	  to	  a	  dense	  layer	  of	  granule	   cells	   that	   includes	   both	   mature	   and	   newly	   generated	   neurons.	   Within	   this	  microenvironment,	  glial	  cells	  are	  also	  present	  (Zhao	  et	  al.,	  2008).	  Hippocampal	  astrocytes	  seem	  to	  play	  an	  important	  role	  in	  SGZ	  neurogenesis.	  Some	  studies	  demonstrated	  that	  they	  promote	   the	   neuronal	   differentiation	   of	   adult	   hippocampal	   progenitor	   cells	   and	   the	  integration	   of	   newborn	   neurons	   derived	   from	   adult	   hippocampal	   progenitors	   in	   vitro	  (Song	  et	  al.,	  2002).	  Blockade	  of	  the	  Wnt	  signaling	  pathway	  inhibits	  the	  neurogenic	  activity	  of	  astrocytes	  in	  vitro	  and	  SGZ	  neurogenesis	  in	  vivo,	  suggesting	  that	  hippocampal	  astrocytes	  may	  use	   the	  Wnt	  signaling	  pathway	  (D.C.	  Lie	  et	  al.,	  2005).	  Endothelial	   cells	   seem	  also	   to	  play	  an	   important	  role	   in	  SGZ	  neurogenesis.	  Studies	  suggested	   that	  both	  endothelial	  and	  neuronal	   progenitor	   cells	   respond	   to	   a	   common	   mitogenic	   signal,	   suggesting	   that	  angiogenesis	   and	   hippocampal	   neurogenesis	   are	   co-­‐regulated	   in	   DG	   (Goldman	   &	   Chen,	  2011).	   Indeed,	   it	   has	   been	   demonstrated	   that	   approximately	   one	   third	   of	   the	   newly	  generated	   cells	   in	   the	   proliferating	   clusters	   express	   markers	   of	   endothelial	   cells,	  suggesting	  that	  angiogenesis	  and	  neurogenesis	  are	  closely	  interlinked	  in	  the	  hippocampus	  and,	   even	   more	   provocatively,	   that	   a	   lineage	   relationship	   may	   exist	   between	   the	   two	  proliferating	  populations	  (D	  Chichung	  Lie,	  Song,	  Colamarino,	  Ming,	  &	  Gage,	  2004).	  	  
I-­‐3.2.2-­‐	  SVZ	  neurogenesis	  	   SVZ	  NSCs	  are	  located	  throughout	  most	  of	  the	  lateral	  wall	  of	  the	  lateral	  ventricles.	  The	  ventricular	  zone	  (Reznikov,	  Acklin,	  &	  Van	  der	  Kooy,	  1997),	  is	  largely	  formed	  by	  a	  layer	  of	   	  multi-­‐ciliated	   ependymal	   cells,	   (Figure	   7).	   It	   had	   been	   thought	   that	   ependymal	   cells	  might	  be	  the	  adult	  neural	  stem	  cells	  responsible	  for	  neurogenesis	  in	  the	  SVZ	  (Johansson	  et	  al.,	  1999).	  However,	  it	  is	  now	  well	  established	  that	  cells	  within	  the	  SVZ	  contribute	  to	  long-­‐
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term	  neurogenesis	   in	   the	   olfactory	  bulb	   (Consiglio	   et	   al.,	   2004).	   The	   cell	   bodies	   of	   adult	  NSCs	   are	   located	   in	   the	   SVZ	   and	   they	   contact	   the	   lumen	   of	   the	   ventricles	   by	   sending	  processes	   through	   the	   ependymal	   layer	   (Mirzadeh,	   Merkle,	   Soriano-­‐Navarro,	   JM,	   &	  Alvarez-­‐Buylla,	   2008).	  Three	   types	  of	  dividing	  precursors	   are	  present:	   type	  A,	  migrating	  neuroblasts,	   type	  B	  GFAP-­‐positive	  progenitors	  and	  type	  C	  transit	  amplifying	  cells	  (which	  derive	  from	  type	  B	  cells	  and	  are	  GFAP	  negative	  (F.	  D.	  Miller	  &	  Gauthier-­‐Fisher,	  2009).	  The	  B-­‐>C-­‐>A	   lineage	   has	   been	   determined	   using	   the	   anti-­‐mitotic	   drug	   cytosine	   β-­‐D-­‐arabinofuranoside	   (AraC).	   Fast	   dividing	   cells	   such	   as	   committed	   progenitors	   are	  eliminated	  by	  AraC	  treatment	  but	  not	  the	  slow	  dividing	  NSCs.	  It	  has	  been	  shown	  that	  NSCs	  give	   rise	   to	   transit	   amplifying	   progenitors	   (named	   C	   cells)	   that	   differentiate	   into	  neuroblasts	   (named	   A	   cells)	   (Doetsch,	   Caille,	   Lim,	   Garcia-­‐Verdugo,	   &	   Alvarez-­‐Buylla,	  1999).	  The	  A	  cells	  then	  migrate	  towards	  the	  olfactory	  bulb	  via	  the	  rostal	  migratory	  stream	  to	  differentiate	  into	  glomerular	  and	  periglomerular	  olfactory	  bulb	  neurons,	  astrocytes	  and	  oligodendrocytes.	   Markers	   for	   each	   of	   these	   cells	   have	   been	   identified	   (Figure	   8).	   For	  example,	   SVZ	   B	   cells	   express	   the	   astrocytic	   marker	   GFAP,	   Vimentin	   and	   the	   stem	  cell/progenitor	  markers	  Nestin	  and	  Sox2.	  C	   cells	   express	   the	  proneural	   gene	  Mash1,	   the	  homeodomain	   transcription	   factor	   Dlx2	   and	   EGFR	   (endothelial	   growth	   factor	   receptor).	  Finally,	   A	   cells	   express	   the	   cell	   adhesion	   molecule	   PSA-­‐NCAM,	   Dlx2,	   the	   pan-­‐neuronal	  markers	   βIII-­‐tubulin	   and	   HuC/D	   (For	   review:	   (Abrous	   et	   al.,	   2005).	   Several	   genes	   have	  been	   implicated	   to	   have	   a	   role	   in	   the	   survival,	   maintenance	   or	   production	   of	   newborn	  neurons.	   For	   example,	   the	   bHLH	   transcription	   factor	  Mash1	   has	   been	   shown	   to	   specify	  neurons	  as	  well	  as	  oligodendrocytes	  in	  postnatal	  SVZ	  (Parras	  et	  al.,	  2004).	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Figure	  7-­‐	  In	  the	  subventricular	  zone	  (SVZ),	  progenitor	  cells	  (A-­‐C)	  are	  located	  in	  close	  contact	  
with	  the	  ependymal	  cell	  (E)	  layer	  and	  they	  interact	  with	  basal	  lamina	  (BL)	  that	  extends	  from	  
local	  vasculature.	  Chains	  of	  neuroblasts	  (type	  A)	  travel	  through	  rostal	  migratory	  stream	  to	  
the	  olfactory	  bulb	  (OB)	  and	  go	  through	  morphological	  and	  physiological	  development	  before	  
integrating	   as	   glomerular	   neurons	   in	   the	   granule	   cell	   layer	   (GCL)	   and	   as	   periglomerular	  
neurons.	   Glomerular	   layer	   (GL)	   Mi,	   mitral	   cell	   layer;	   EPL,	   external	   plexiform	   layer;	   RMS,	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Figure	   8-­‐	   Development	   stages	   of	   adult	   neurogenesis	   and	   markers	   characterizing	   the	  
development	  of	  newborn	  neurons	  in	  the	  SVZ-­‐olfactory	  bulb.	  The	  adult	  neurogenesis	  in	  SVZ-­‐
olfactory	  bulb	  comprises	  mainly	  4	  development	  stages:	  1.	  Proliferation:	  stem	  cells	  (blue)	  in	  
the	   SVZ	   of	   the	   lateral	   ventricles	   give	   rise	   to	   transient	   amplifying	   cells	   (light	   blue);	   2.Fate	  
specification:	   transient	   amplifying	   cells	   differentiate	   into	   immature	   neurons	   (green):	   3.	  
Migration:	  Immature	  neurons	  (green)	  migrate	  with	  each	  other	  in	  chains	  through	  the	  rostral	  
migratory	   stream	   (RMS)	   to	   the	   olfactory	   bulb.	   4.	   Synaptic	   integration:	   Immature	   neurons	  
differentiate	  into	  either	  granule	  neurons	  (Gr,	  orange)	  or	  periglomerular	  neurons	  (PG,	  red	  ).	  
The	  development	  of	  newborn	  neurons	   is	  accompanied	  by	  the	  different	  expression	  of	  some	  
markers	  (A.	  Rikani	  et	  al.,	  2013).	  
	   Lineage	  tracing	  studies	  using	  Glast	  CreGRT2	  mice	  have	  demonstrated	  that	  newborn	  neurons,	   astrocytes	   and	   sometimes	   oligodendrocytes	   can	   be	   derived	   from	   cells	   that	   are	  Nestin+ve,	   GFAP+ve,	   GLAST+ve,	   Sox2hi	   and	   Ascl1	   (Mash1-­‐ve)	   (Maria	   Victoria	   Gómez-­‐Gaviro,	  Lovell-­‐Badge,	   Fernández-­‐Avilés,	   &	   Lara-­‐Pezzi,	   2012a;	   Zhao	   et	   al.,	   2008).	   Each	   of	   these	  markers	   is	   insufficient	   to	   define	   a	   true	   NSC	   by	   itself,	   but	   a	   combination	   of	   the	  markers	  probably	  does.	  	  	  	  	  




observed during four to eight days after 
mitosis (Fig.3).13
Responding receptors to chronic nicotine 
exposure
Mechawar et al investigated the effect of 
chronic exposure to nicotine on mice.14 
Twenty-one days after labeling cells with 
5-bromodeoxyuridine (5’BrdU), number 
of labeled cells in granular cell layer in ol-
factory bulb of mice chronically exposed 
to nicotine was much lower than the same 
cells in olfactory bulb of mice exposed 
to saline (Fig.4).14 Presence of the same 
number of labelled cells in nicotine and 
saline exposed mice lacking β2-nAChR, a 
high-affinity receptor for nicotine, con-
firmed critical role of these receptors in 
apoptosis. It can be concluded that  these 
types of nicotinic receptors are actively 
involved in survival of new born granular 
cells in olfactory bulb.14
Study done by Arbrous and his colleagues 
showed that nicotine self-administration 
also decreased the number of Brdu-IR 
in granular cell layer of dentate gyrus 
of male Sprague dawley rats in a dose 
dependent fashion.15 Unlike in olfactory 
bulb, effect of nicotine is not mediated 
by activation β2-nAChR in dentate gyrus; 
instead nicotinic receptor called alpha-
bungarotoxin (alpha-Bgt-AChRs) induces 
suppressor protein 53 and the cdk in-
hibitor p21. Since nicotine is cytotoxic to 
undifferentiated cells in hippocampus, 
alpha-Bgt-AChRs receptors participate in 
neuronal proliferation not differentiation 
in hippocampus.16 The role of alpha-Bgt-
AChRs in hippocampus differs from the 
role that β2-nAChR plays in survival of 
newly born neurons in olfactory bulb.
Sources of newly born neurons in neuro-
genic regions
Previous studies have showed that multi-
potential and self-renewing stem cells 
in subependyma are sources for newly 
born neurons traveling along RMS and 
join to olfactory bulb as interneurons.17 
It was assumed that stem cells residing 
in sub granular layer of adult hippo-
campus are source of newly born neu-
rons. One study tested this assumption 
by using two different methods, which 
yielded same results. The study indicated 
that although stem cells with long-term 
self-renewing and multipotentiality re-
side in adjacent-subependyma regions, 
but neuronal stem cells do not exist in 
dentate gyrus. The study also suggested 
neuronal progenitors with limited self-
renewal capacity as the source of newly 
Fig. 1: Ablation of neurogenesis inhibits the increase of the granule cell number in the dentate gyrus. 
(a) Experimental design. (b–e) The number of newly formed granule cells (DCX+ and BrdU+NeuN+) 
decreased in the dentate gyrus of tamoxifen-treated Line 4/NSE-DTA mice compared with the oil-
treated mice.(f) Quantification of the number of NeuN+ granule cells in the dentate gyrus of oil- and 
tamoxifen-treated Line 4/NSE-DTA mice. (g–r) HE staining (g,i,k,m,o,q) and immunostaining for NeuN 
(h,j,l,n,p,r) of the dentate gyrus of oil- and tamoxifen-treated Line 4/NSE-DTA mice. (s,t) Early-born 
NeuN+ granule cells labeled with BrdU survived similarly in oil- and tamoxifen-treated Line 4/NSE-DTA 
mice. (u) Quantification of the number of NeuN+BrdU+ granule cells in the dentate gyrus of oil- and 
tamoxifen-treated Line 4/NSE-DTA mice. NeuN+ granule cells were labeled with BrdU before oil or 
tamoxifen treatment. *P 0.05, t test. Scale bars represent 50 mm. Nat Neurosci. 2008;11:1153–61.
Fig. 2: Generation of new interneurons in the olfactory bulb from neural stem cells in the subventricu-
lar zone (SVZ). Adult neurogenesis in the SVZ/olfactory systems undergoes four developmental stages. 
Stage 1.Proliferation: stem cells (blue) in the SVZ of the lateral ventricles give rise to transient amplify-
ing cells (light blue). Stage 2. Fate specification: transient amplifying cells differentiate into immature 
neurons (green). Adjacent ependymal cells (gray) of the lateral ventricle are essential for neuronal fate 
specification by providing inhibitors of gliogenesis. Stage 3. Migration: Immature neurons (green) 
migrate with each other in chains through the rostral migratory stream (RMS) to the olfactory bulb. 
The igrating neurons are ensheathed by astrocytes. Once reaching the bulb, new neurons then 
migrate radially to the outer cell layers. Stage 4. Synaptic integration: I mature neurons differentiate 
into either granule neur ns (Gr, range) or periglomerular neurons (PG, red ). These unusual interneu-
rons lack an axon and instead release their neurotransmitter from the dendritic spines at specialized 
reciprocal synapses to dendrites of mitral or tufted cells. The specific properties of each stage are sum-
marized below, mainly on the basis of studies in adult mice. Annul. Rev. Neurosci.2005. 28:223–50.
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SVZ	  progenitors	  are	  adjacent	  to	  the	  ependymal	  cell	   layer	   in	  the	   lateral	  ventricles.	  Ependymal	   cells	   express	   the	   protein	   Noggin	   that	   may	   promotes	   SVZ	   neurogenesis	   by	  antagonizing	   bone	  morphogenetic	   proteins	   (BMPs)	   signaling	   (Zhao	   et	   al.,	   2008).	   Others	  studies	  demonstrated	  that	  endothelial	  cells	  may	  also	  promote	  self-­‐renewal	  of	  adult	  NSCs	  through	   pigment	   epithelium-­‐derived	   factor	   (Ramírez-­‐Castillejo	   et	   al.,	   2006)	   or,	   more	  recently,	  through	  betacellulin	  (BTC)	  a	  member	  of	  EGF	  family	  growth	  factor	  (María	  Victoria	  Gómez-­‐Gaviro	   et	   al.,	   2012)	   .	   Another	   source	   of	   factors	   influencing	   NSCs	   is	   the	   choroid	  plexus	   (CP)	   is	   a	   brain	   structure	   located	   in	   the	   ventricles	   of	   the	   brain	   that	   is	   involved	   in	  production	  of	  cerebrospinal	  fluid	  (CSF)	  (Speake,	  Whitwell,	  Kajita,	  Majid,	  &	  Brown,	  2001),	  filtrating	   CSF	   and	   removing	   waste	   thus	   protecting	   the	   brain	   against	   acute	   neurotoxic	  insults	   (Gao	  &	  Meier,	  2001;	   J-­‐F	  &	  Strazielle,	  2001).	   It	  contains	  a	  single	   layer	  of	  epithelial	  cells	   which	   rest	   on	   a	   basal	   lamina	   (BL)	   (Emerich,	   Skinner,	   Borlongan,	   Vasconcellos,	   &	  Thanos,	   2005).	   Adjacent	   epithelial	   cells	   are	   connected	   by	   tight	   junctions	   to	   physically	  restrict	   the	  movement	  of	   substances	   to	  and	   from	  the	  CSF.	  Underlying	   the	  epithelial	   cells	  and	  basal	   lamina	   is	  a	  dense	  vascular	  bed	   that	  provides	  a	  blood	   flow	   four	   to	   seven	   times	  greater	   than	   the	   rest	   of	   the	   brain	   	   (Figure	   9)	   (Emerich	   et	   al.,	   2005;	   Faraci,	   Mayhan,	   &	  Heistad,	  1990).	  Growth	  factors	  release	  by	  CP	  play	  an	  important	  role	  in	  NSCs	  maintenance	  specially	   after	   ischemia	   where	   they	   have	   a	   neuroprotective	   effect	   by	   reducing	  programmed	  cell	  death	  (Henrick-­‐Noack,	  Prehn,	  &	  Krieglstein,	  1996;	  Knuckey	  et	  al.,	  1996;	  Love,	   2003;	   Redzic	   &	   Segal,	   2004).	   These	   growth	   factors	   include	   TNF-­‐β1,	   hepatocyte	  growth	   factor,	  BTC,	  BMP	  6	   and	  7	   and	   amphiregulin	   (María	  Victoria	  Gómez-­‐Gaviro	   et	   al.,	  2012;	   Redzic	   &	   Segal,	   2004).	   There	   are	   also	   some	   evidences	   that	   show	   that	   CP	   cells	  respond	   to	   damaged	   brain	   by	   providing	   trophic	   proteins	   to	   trauma	   sites	   (Y.	   Li,	   Chen,	  &	  Chopp,	  2002)	  and	  supportive	  stem	  cell	  niches	   (Johanson,	  Stopa,	  Baird,	  &	  Sharma,	  2011).	  However	  profound	  changes	  in	  CP	  secretion	  and	  function	  are	  involved	  in	  many	  pathological	  conditions	  including	  aging	  and	  degeneration	  (Emerich	  et	  al.,	  2005).	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Figure	   9	   –	   Schematic	   representation	   of	   Choroid	   Plexus	   (CP)	   within	   the	   human	   lateral	  
ventricle.	  CP	  is	  constituted	  by	  an	  ependymal	  cell	  layer	  that	  is	  formed	  by	  a	  continuous	  strand	  
of	   cuboidal	   epithelial	   cells	   resting	   upon	   a	   basal	   lamina	   and	   inner	   core	   of	   connective	   and	  
highly	   vascularized	   tissue.	   This	   ependymal	   cells	   layer	   lines	   the	   ventricle	   and	   its	   apical	  
surface	  contacts	  the	  cerebrospinal	  fluid	  (CSF).	  The	  apical	  surface	  is	  constituted	  by	  numerous	  
infoldings	  and	  scattered	  villi.	  The	  adjacent	  epithelial	  cells	  are	  connected	  with	  tight	  juntions	  (Emerich	  et	  al.,	  2005).	  
	   The	  vasculature	   also	  plays	   an	   important	   role	   in	   the	   SVZ	  niche.	   Indeed,	   there	   is	   a	  relationship	  between	   vasculature	   and	  neurogenesis	   in	   the	   adult	   brain	   (Alvarez-­‐Buylla	  &	  Lim,	  2004).	  Anatomical	  analysis	  has	  identified	  the	  vasculature	  as	  one	  potential	  candidate	  that	   may	   constitute	   the	   neurogenic	   niche	   (D	   Chichung	   Lie	   et	   al.,	   2004).	   In	   the	   adult	  hippocampus	  and	   in	  SVZ,	  but	  not	   in	  nonneurogenic	   areas	  of	   the	  adult	  CNS,	  proliferating	  cell	  clusters	  are	  found	  in	  close	  proximity	  to	  blood	  vessels	  (Figure	  10)	  (Palmer,	  Willhoite,	  &	  Gage,	   2000a;	   Tavazoie	   et	   al.,	   2008).	   Blood	   vessels	   are	   formed	   by	   endothelial	   cells	   and	  perivascular	  support	  cells,	  including	  pericytes	  and	  smooth	  muscle	  cells.	  In	  SVZ,	  stem	  cells	  and	   transit-­‐amplifying	   C	   cells	   directly	   contact	   blood	   vessels	   at	   sites	   devoid	   of	   pericyte	  coverage	   both	   during	   homeostasis	   and	   regeneration	   (Tavazoie	   et	   al.,	   2008).	   These	   sites	  are	  unique	  to	  the	  SVZ	  and	  could	  allow	  signals	  that	  are	  important	  for	  stem	  cell	  regulation	  to	  access	  the	  SVZ	  (Tavazoie	  et	  al.,	  2008).	  	  Angiogenesis	  and	  neurogenesis	  are,	  at	  least	  in	  part,	  stimulated	  by	   the	  same	   factors,	   including	  basic	   fibroblast	  growth	   factor	   (bFGF),	  vascular	  endothelial	   growth	   factor	   (VEGF)	   (although	   it	   is	   perhaps	  more	   likely	   that	   some	   ligands,	  notably	   VEGF-­‐A	   stimulate	   angionesis,	   while	   others,	   notably	   VEGF-­‐C,	   stimulate	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neurogenesis	   (Fontaine	   et	   al.,	   2011)),	   insulin-­‐like	   growth	   factor	   1	   (IGF-­‐1)	   and	  transforming	   growth	   factor	   α	   (TGF-­‐α).	   In	   addition,	   it	   is	   known	   that	   newly	   generated	  endothelial	   cells	   stimulate	   neurogenesis	   by	   increasing	   the	   levels	   of	   brain-­‐derived	  neurotrophic	   factor	  (BDNF)	   in	  the	  neurogenic	  areas,	  which	  enhances	  the	  proliferation	  of	  progenitors	  (D	  Chichung	  Lie	  et	  al.,	  2004).	  The	  finding	  that	  factors	  that	  promote	  endothelial	  cell	  proliferation	  also	  increase	  neurogenesis	  in	  the	  mammalian	  forebrain	  has	  suggested	  an	  important	   relationship	   between	   these	   two	   processes	   (Jin	   et	   al.,	   2002;	   Zhu,	   Jin,	   Mao,	   &	  Greenberg,	   2003).	   Studies	   in	   the	   adult	   male	   songbird	   brain	   have	   shown	   a	   causal	  interaction	  between	  angiogenesis,	  an	   increase	   in	  endothelial	   cell-­‐derived	  growth	   factors,	  and	   the	   generation	  of	   new	  neurons	   in	   the	   adult	   forebrain	   (Louissaint,	  Rao,	   Leventhal,	  &	  Goldman,	  2002).	  In	  addition,	  endothelial	  cells	  secrete	  known	  mitogens,	  differentiation	  and	  survival	   factors	   of	   neurons	   (bFGF,	   IGF-­‐1,	   VEGF,	   platelet-­‐derived	   growth	   factor	   (PDGF),	  interleukin	  8	  (IL8)	  and	  BDNF)	  (Jin	  et	  al.,	  2002;	  Palmer,	  Willhoite,	  &	  Gage,	  2000b).	  Indeed	  infusion	  of	  VEGF	  promotes	  cell	  proliferation	  in	  the	  SVZ	  and	  SGZ,	  which	  can	  be	  blocked	  by	  a	  dominant-­‐negative	  VEGF	  receptor	  2	  (Cao	  et	  al.,	  2004).	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Figure	   10-­‐	   In	   SVZ,	   dividing	   cells	   are	   located	   adjacent	   to	   blood	   vessels.	   (A)	   The	   capillary	  
plexus	  immunostained	  with	  CD31	  (red)	  shows	  a	  planar	  architecture	  and	  it	  runs	  parallel	  to	  
the	   ventricular	   wall.	   (B)	   In	   the	   cortex	   capillaries	   branch	   in	   random	   directions	   and	   more	  
tortuous.	  (C)	  In	  the	  anterior	  SVZ	  we	  can	  see	  that	  dividing	  cells,	  which	  are	  immunostained	  for	  
proliferative	  marker	   Ki67	   (green),	   lie	   adjacent	   to	   blood	   vessels	   (red),	   immunostained	   for	  
endothelial	   marker	   CD31.	   However	   not	   all	   blood	   vessels	   have	   dividing	   cells	   adjacent	   to	  
them.	  RMS	  (rostral	  migratory	  stream),	  OB	  (olfactory	  bulb).	  Scale	  bars,	  100	  mm	  (Tavazoie	  et	  al.,	  2008)	  .	  
	  
I-­‐4	  –	  MITOGENIC	  FACTORS	  	  The	   expression	   of	   EGF	   receptor	   (EGF-­‐R	   or	   ErbB1)	   in	   stem	   and	   progenitor	   cells	  located	  around	  capillaries	  is	  induced	  by	  SDF-­‐1	  and	  BTC,	  which	  suggest	  the	  involvement	  of	  these	   receptor	   in	   regulation	   of	  NSC	   function	   in	  vivo	   (María	  Victoria	  Gómez-­‐Gaviro	   et	   al.,	  2012;	  Kokovay	  et	  al.,	  2010).	  Fibroblast	  growth	   factor	   (FGF-­‐2)	  and	  EGF-­‐R	   ligands	  are	   the	  primary	  mitogens	  used	  to	  propagate	  adult	  neural	  stem	  cells	  in	  vitro	  and	  are	  hypothesized	  to	  be	  very	  important	  for	  the	  control	  of	  in	  vivo	  proliferation	  of	  neural	  stem/progenitor	  cells	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(D	  Chichung	  Lie	  et	  al.,	  2004;	  Palmer,	  Ray,	  &	  Gage,	  1995;	  Reynolds	  &	  Weiss,	  1992;	  Vescovi,	  Reynolds,	  Fraser,	  &	  Weiss,	  1993).	  Furthemore,	  EGF-­‐R	  is	  present	  in	  stem	  cells	  progenitors.	  Moreover,	  delivery	  of	  either	  EGF	  or	  FGF-­‐2	  to	  the	  adult	  rodent	  CNS	  by	  different	  routes	  has	  been	  demonstrated	  to	  increase	  the	  proliferation	  of	  progenitor	  cells	  in	  the	  SVZ	  (Craig	  et	  al.,	  1996;	   H.	   Kuhn,	  Winkler,	   Kempermann,	   Thal,	   &	   Gage,	   1997;	   D	   Chichung	   Lie	   et	   al.,	   2004;	  Wagner,	  Black,	  &	  DiCicco-­‐Bloom,	  1999).	  	  One	   study	   showed	   that	   NSC	   self-­‐renewal	   could	   be	   explained	   by	   pigment	  epithelium-­‐derived	  factor	  	  (PEDF)	  which	  is	  released	  by	  endothelial	  and	  ependymal	  cells	  in	  SVZ,	  and	  enhance	  Notch	  signaling	  (Ramirez-­‐Castillejo	  et	  al.,	  2006)	  (Figure	  11).	  Moreover,	  when	  NSCs	  are	  co-­‐cultured	  with	  endothelial	  cells,	  EGF-­‐R	  (ErbB1)	  and	  ErbB4	  become	  more	  phosphorylated	   (Figure	   12)	   (María	   Victoria	   Gómez-­‐Gaviro	   et	   al.,	   2012).	   These	   results	  suggest	   that	   both,	   endothelial	   and	   ependymal	   cells,	  might	   play	   an	   important	   role	   in	   the	  NSCs	  pool.	  However,	   studying	   the	  various	  compenents	  becomes	  complicated	   if	   there	  are	  multiple	   sources	   for	   multiple	   factors,	   because	   if	   one	   is	   missing	   in	   the	   niche	   the	   others	  might	  compensate	  for	  its	  loss.	  	  
 
Figure	   11-­‐	   Neurogenic	   niche	   close	   to	   blood	   vessels.	   In	   the	   adult	   brain,	   neural	   stem	   cells	  
(NSCs)	  lie	  adjacent	  to	  capillaries	  and	  ependymal	  cells.	  These	  cells	  can	  release	  some	  factors	  
like	   betacellulin	   (BTC)	   and	   PEDF	   and	   it	   will	   control	   NSCs	   behavior.	   BV,	   blood	   vessel;	   LV,	  
lateral	  ventricle;	  B,	  NSCs;	  C,	  transit-­‐amplifying	  progenitor	  cells;	  A,	  neuroblasts	  (Maria	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012a).	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Figure	  12	  -­‐BTC	  leads	  to	  the	  activation	  of	  EGFR	  and	  ErbB4	  in	  vivo.	  The	  infusion	  of	  BTC	  into	  the	  
lateral	   ventricle	   (LV)	   leads	   to	   the	   activation	   of	   EGFR	   and	   ErbB4	   that	   was	   determine	   by	  
immunofluorescence	  using	  phospho-­‐	  specific	  antibodies,	  while	  the	  infusion	  of	  a	  vehicle	  does	  
not	   activate	   the	   receptors.	   (Scale	  bar,	   100	  μm.)	   (Inset)	  p-­‐ErbB4	   staining	   in	   the	   SVZ.	   (Scale	  
bar,	  50	  μm.)(María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  	   The	   analysis	   of	   the	   neurogenic	   niche	   in	   adult	   songbirds	   has	   provided	   some	  interesting	  insights	  into	  the	  interaction	  of	  hormones	  and	  growth	  factors	  (Louissaint	  et	  al.,	  2002).	   In	   this	   system,	   testosterone	   induces	   the	   expression	   of	   VEGF,	   thereby	   increasing	  angiogenesis.	  Newly	  generated	  endothelial	  cells	  then	  stimulate	  neurogenesis	  by	  increasing	  the	   levels	   of	   BDNF	   in	   the	   neurogenic	   areas,	   which	   enhances	   the	   proliferation	   of	  progenitors.	   Given	   the	   stimulatory	   effects	   of	   intraventricularly	   infused	   or	   virally	  overexpressed	  BDNF,	  VEGF	  and	  BTC	  on	  mammalian	  neurogenesis	  (Benraiss,	  Chmielnicki,	  Lerner,	   Roh,	   &	   Goldman,	   2001;	   Jin	   et	   al.,	   2002;	   Pencea,	   Bingaman,	   Wiegand,	   &	   Luskin,	  2001;	  Zhu	  et	  al.,	  2003;	  Calvo	  et	  al	  ,	  2011;	  Gomez-­‐Gaviro	  et	  al,	  2012),	  it	  is	  possible	  that	  the	  molecular	   interaction	   between	   endothelial	   cells	   and	   neural	   stem	   cells	   also	   exists	   in	   the	  adult	  mammalian	  CNS.	  	  I-­‐4.1	  –	  BTC	  AND	  NEUROGENESIS	  	  For	   my	   master	   thesis,	   I	   am	   interesting	   in	   understanding	   more	   precisely	   the	  function	  and	  localization	  of	  BTC	  using	  mice	  as	  a	  model	  animal.	  BTC	  was	  originally	  isolated	  from	   the	   conditioned	   media	   of	   mouse	   pancreatic	   tumor	   β-­‐cell	   line	   as	   a	   glycocylated	  protein	  capable	  of	  stimulating	  the	  proliferation	  of	  Balb/c	  3T3	  cells,	  retinal	  epithelial	  cells	  and	  smooth	  muscle	  cells	  (Dunbar	  &	  Goddard,	  2000;	  Shing	  et	  al.,	  1993).	  The	  Mus	  musculus	  
BTC	  gene	  is	  located	  in	  chromosome	  5	  where	  it	  is	  tightly	  linked	  to	  the	  Amphiregulin	  (Areg)	  gene	  suggesting	  that	  they	  may	  have	  arisen	  through	  a	  tandem	  gene	  duplication	  event	  gene	  (Pathak	  et	  al.,	  1995),	  and	  Human	  BTC	  is	  located	  in	  chromosome	  4q13.3.	  Mus	  musculus	  BTC	  has	   6	   exons,	   encoding	   the	   5’UTR	   and	   signal	   peptide	   (exon1);	   the	   N-­‐terminal	   precursor	  (exon	  2);	  the	  mature	  EGF	  up	  to	  the	  first	  two	  disulfide	  loops	  of	  the	  EGF	  motif	  (exon	  3);	  the	  third	  loop	  of	  the	  EGF-­‐like	  motif	  and	  the	  transmembrane	  domain	  (exon	  4);	  The	  cytoplasmic	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region	   (exon	   5)	   and	   the	   3'UTR	   (exon	   6)	   (Dunbar	   &	   Goddard,	   2000).	   This	   structure	   is	  similar	   to	   both	   Areg	   and	   EGF,	   and	   or	   this	   reason	   it	   is	   assumed	   the	   BTC	  might	   share	   a	  similar	  function	  to	  EGF.	  Human	   BTC	   protein	   encodes	   a	   178-­‐amino	   acid	   primary	   translation	   product	   that	  corresponds	   to	   the	   BTC	   precursor	   (pro-­‐BTC).	   The	   BTC	   precursor	   is	   a	   transmembrane	  protein	  which,	  when	  expressed	  at	  the	  plasma	  membrane,	  is	  subject	  to	  proteolytic	  cleavage	  of	   its	   ectodomain	   to	   produce	   a	   soluble	  mature	   growth	   factor.	   The	  mature	   form	   of	   BTC	  consists	  of	  an	  80	  amino	  acid	  protein.	  BTC	  is	  synthesized	  in	  many	  tissues	  of	  the	  adult	  body.	  Its	  mRNA	  is	  highly	  expressed	  in	   pancreas,	   liver,	   kidney,	   and	   small	   intestine	   (A.	   J.	   Dunbar,	   Priebe,	   Belford,	   &	   Goddard,	  1999;	   Sasada	   et	   al.,	   1993;	   Seno	  et	   al.,	   1996),	   and	   to	   a	   lesser	   extent	   in	  heart,	   lung,	   testis,	  ovary	  and	  colon	  (Seno	  et	  al.,	  1996).	  Recently	  BTC	  was	  found	  to	  be	  released	  by	  endothelial	  cells	  and	  CP	  in	  the	  mouse	  brain	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  A	  recent	  study	  from	  Gómez-­‐Gaviro	  and	  her	  colleagues	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012)	  showed	  the	   role	   of	   	   BTC	   in	   NSC	   niche.	   Indeed,	   BTC	   induces	   NSC	   self-­‐renewal	   and	   stimulates	  neurogenesis	  	  (Figure	  13).	  NSCs	  are	  able	  to	  migrate	  to	  the	  olfactory	  bulb	  and	  contribute	  to	  the	  formation	  of	  new	  neurons.	  The	  authors	  concluded,	  “BTC	  is	  both	  necessary	  and	  sufficient	  
to	  regulate	  proliferation	  of	  NSCs	  and	  neuroblasts”.	  However,	  this	  study	  showed	  that	  choroid	  plexus	  presents	  stronger	  BTC	  mRNA	  expression	  than	  endothelial	  cells	  from	  blood	  vessels.	  It	  also	  showed	  that	  while	  NSCs	  do	  not	  express	  BTC,	  they	  do	  express	  BTC	  receptors	  (erbB1	  and	  erbB4).	  NSCs	  can	  also	  stimulate	  endothelial	  cells	  to	  produce	  a	  higher	  amount	  of	  BTC	  in	  
vitro	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  Additionally,	  BTC	  was	  more	  efficient	  than	  EGF	  in	  inducing	  neurosphere	  growth	   in	  vitro.	   It	  was	  also	  shown	  that	  recovery	  of	  the	  SVZ	  niche,	   specifically	   the	   time	   it	   takes	   to	   regenerate	   neuroblasts	   after	   AraC	   treatment,	  was	  significantly	  delayed	  in	  Btc	  null	  mutant	  mice.	  All	  of	  these	  data	  suggest	  that	  BTC	  may	  have	  a	  special	  role	  in	  situations	  where	  repair	  is	  needed	  and	  also	  may	  have	  a	  therapeutic	  potential	  in	   the	   treatment	   of	   neurodegenerative	   diseases.	   Further	   investigation	   is	   needed	   to	  understand	  exactly	  how	  this	  factor	  induces	  its	  responses.	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Figure	  13-­‐The	  infusion	  of	  BTC	  stimulates	  the	  growth	  of	  NSCs	  and	  precursor	  cells	  in	  the	  SVZ	  of	  
the	   adult	  mouse	  brain.	  After	  7	  days	  of	   the	   infusion	  of	  BTC	  or	   a	   vehicle	   (control),	   the	  mice	  
were	   killed	   and	   the	   brains	  were	   fixed.	   After	   these,	   the	   authors	   did	   immunostaining	   using	  
antibodies	   against	   CD133/Prominin,	   Nestin,	   Glast,	   and	   GFAP.	   Nuclei	   were	   counterstained	  
using	  DAPI.	  (Scale	  bar,	  100	  μm)	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  
	  I-­‐4.2-­‐	  BTC	  downstream	  signalling	  Although	   the	   same	   receptor	   can	   be	   activated	   by	   different	   ligands,	   the	  molecular	  response	  is	  dependent	  on	  the	  ligand.	  There	  are	  several	  EGF-­‐Rs	  that	  have	  different	  affinity	  for	  different	  ligands.	  BTC	  and	  EGF	  can	  bind	  to	  EGF-­‐R.	  However	  the	  molecular	  responses	  of	  both	  are	  different.	  One	  study	  demonstrated	  that	  ligand-­‐dependent	  differences	  in	  receptor	  autophosphorylation	  patterns	  results	  in	  the	  assembly	  and	  engagement	  of	  overlapping	  but	  distinct	   signaling	  pathways	   (Saito	   et	   al.,	   2004).	   In	   this	   study	   the	   authors	  propose	   a	  new	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Figure	  14-­‐	  BTC	  signaling	  pathway	  emanating	  from	  ErbB1.	  	  BTC	  binding	  to	  ErbB1/	  EGFR	  leads	  
to	   the	   phosphorylation	   of	   Y1068	   (pY1068),	   which	   in	   turn	   recruits	   more	   Grb2/MEKK1	  
complex.	   This	   leads	   to	   the	   activation	   of	   MERK/Erk,	   which	   is	   a	   Ras-­‐independent	   pathway,	  
resulting	   in	   increased	   anti-­‐apoptotic	   function.	   However	   in	   the	   case	   of	   BTC	   binding,	   the	  
Ras/Raf	   pathway	   is	   less	   active,	   compared	  with	   EGF,	   because	   Y1173	   of	   ErbB1/EGFR	   shows	  
reduced	  tyrosine	  phosphorylation,	  compared	  to	  EGF.	  BTC	  might	  also	  trigger	  an	  unidentified	  
EGFR/Grb2	  pathway	   to	   activate	   Erk,	  which	   is	  Ras/	  Raf-­‐independent.	   This	   is	   shown	   as	   ?	   in	  
this	  figure.	  N-­‐Ter,	  N-­‐Terminal;	  TM,	  transmembrane	  (Saito	  et	  al.,	  2004).	  
	   When	  BTC	  binds	  to	  its	  receptors	  it	  can	  also	  activate	  Akt	  in	  a	  PI3-­‐kinase-­‐dependent	  manner	  leading	  to	  the	  inactivation	  of	  GSK3	  α and β 	  (Cohen	  &	  Frame,	  2001;	  Cross,	  Alessi,	  Cohen,	   Andjelkovich,	   &	   Hemmings,	   1995;	   Hardt	   &	   Sadoshima,	   2002).	   When	   GSK3	   is	  activated	  it	  induces	  phosphorylation	  of	  cyclin	  D1	  causing	  an	  increase	  association	  of	  cyclin	  D1	   with	   a	   nuclear	   exportin	   (Crm-­‐1)	   and	   promoting	   nuclear	   exit	   and	   subsequently	  proteasomal	  degradation	  (Alt,	  Cleveland,	  Hannink,	  &	  Diehl,	  2000).	  In	  addition,	  Akt	  can	  also	  phosphorylate	   three	   FoxO	   subfamily	   members	   (forkhead	   transcription	   factors),	   namely	  FKHR,	   AFX	   and	   FKHR1.	   These	   factors	   normally	   repress	   cyclin	   D1	   expression	   at	   the	  transcriptional	   level	   (Schmidt	   et	   al.,	   2002).	   However,	   phosphorylation	   results	   in	   their	  nuclear	  exclusion	  and	  subsequent	  loss	  of	  repression	  of	  cyclin	  D1	  (Brunet	  et	  al.,	  1999).	  BTC	  induced	  signalling	  via	  Akt	  therefore	  leads	  to	  increased	  cyclin	  D1	  by	  both	  routes.	  Another	  target	  of	  GSK3	  is	  β-­‐catenin	  (Cohen	  &	  Frame,	  2001;	  Peifer	  &	  Polakis,	  2000).	  When	  GSK3	  is	  active,	  it	  constitutively	  phosphorylates	  β-­‐catenin,	  targeting	  it	  for	  rapid	  ubiquitination	  and	  proteosome-­‐mediated	   degradation	   (Orford,	   Crockett,	   Jensen,	  Weissman,	  &	   Byers,	   1997).	  The	   inactivation	   of	   GSK3	   leads	   to	   β-­‐catenin	   accumulation	   in	   the	   cytoplasm	   which	   then	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translocates	  into	  the	  nucleus	  (Funayama,	  Fagotto,	  McCrea,	  &	  Gumbiner,	  1995)	  promoting	  transcription	  by	  binding	  to	  members	  of	  the	  lymphoid	  enhancer	  factor-­‐1	  (LEF-­‐1)/T	  factor	  (TCF)	  family	  of	  DNA-­‐binding	  proteins	  (Behrens	  et	  al.,	  1996;	  S.	  Hsu,	  Galceran,	  &	  Grosschedl,	  1998).	  In	  mammals	  β-­‐catenin	  upregulates	  the	  transcription	  of	  cyclin	  D1	  (Shtutman	  et	  al.,	  1999;	   Tetsu	   &	   McCormick,	   1999).	   Thus,	   when	   BTC	   binds	   to	   its	   receptor,	   GSK3	   is	  phosphorylated	   leading	   to	   nuclear	  β-­‐catenin	   accumulation,	  which	   increases	   induction	   of	  cyclin	  D1	  mRNA	  transcription.	  All	  of	  these	  pathways	  lead	  to	  the	  upregulation	  of	  cyclin	  D1	  protein	  and	  an	  increase	  in	  DNA	  synthesis	  and	  cell	  cycle	  progression	  (Figure	  15).	  	  
	  
Figure	   15-­‐	   Schematic	   representation	   of	   the	   molecular	   mechanisms	   that	   lead	   to	   cyclin	   D1	  
activation	  in	  vascular	  smooth	  muscle	  cells	  (VSMCs)	  through	  BTC	  binding	  to	  its	  receptors.	  In	  
VSMCs,	   BTC	   binds	   to	   all	   four	   ErbB	   receptors.	   It	   can	   leads	   to	   the	   formation	   of	   homo-­‐	   or	  
heterodimers	   among	   the	   ErbB	   receptors,	   which	   will	   activate	   PI3-­‐kinase/Akt/GSK/"-­‐
catenin/FoxO	  factors	  cascade.	  This	  signalling	  pathway	  was	  proposed	  to	  be	  the	  main	  pathway	  
for	  upregulation	  of	  cyclin	  D1	  protein.	  The	  transient	  activation	  of	  ERK1/2	  triggered	  by	  BTC	  is	  
not	  sufficient	  to	  upregulate	  cyclin	  D1	  protein.	  GSK3	  inactivation	  inhibits	  cyclin	  D1	  transport	  
from	   the	   nucleus	   to	   cytosol	   and	   because	   of	   this	   cyclin	  D1	   cannot	   be	   degraded,	   and	   it	   also	  
induces	   nuclear	   β-­‐catenin	   accumulation,	   which	   increases	   cyclin	   D1	   transcription.	   Akt	  
inhibits	   the	   mobilization	   of	   FoxO	   factors	   from	   cytoplasm	   to	   nucleus.	   FoxO	   factors	   are	  
responsible	  for	  repressing	  cyclin	  D1	  transcription.	  This	  repressive	  activity	  is	  reduced	  when	  
Akt	  is	  active	  (Shin	  et	  al.,	  2003a).	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In	   adult	   brain,	   BTC	   effects	   are	   mediated	   by	   EGF-­‐R	   and	   ErbB4,	   which	   activates	  MEK/Erk	   and	   Akt	   signalling	   pathways	   (María	   Victoria	   Gómez-­‐Gaviro	   et	   al.,	   2012).	  However,	   in	  spite	  of	  this,	   little	  is	  known	  about	  BTC	  downstream	  signalling	  pathways	  and	  gene	   regulation	   in	   the	   CNS.	   New	   insights	   about	   this	   pathway	   in	   brain	   might	   have	   an	  important	  impact	  in	  the	  development	  of	  new	  therapies	  for	  neurodegenerative	  disorders.	  	  	  
I-­‐	  5-­‐	  TRANSGENIC	  MICE	  Genetically	   altered	   mice	   (often	   collectively	   referred	   to	   as	   transgenic	   mice)	   are	  considered	  an	  essential	  tool	  to	  study	  gene	  function	  and	  regulation.	  Due	  to	  the	  technology	  of	  gene	  transfer	  and	  gene	  targeting	  it	  is	  possible	  to	  add	  genes	  (transgenic),	  create	  loss-­‐of-­‐function	   gene	   mutations	   (“knockout”),	   which	   can	   be	   conditional,	   add	   to	   or	   replace	   the	  coding	  region	  of	  a	  gene	  (“knock-­‐in”).	  Such	  mice	  are	  used	  to	  elucidate	  the	  precise	  functions	  of	  candidate	  genes	  implicated	  in	  normal	  physiology	  and	  development	  and	  in	  disorders	  and	  diseases..	  To	  study	  BTC	  function	  in	  the	  brain,	  as	  well	  as	  in	  other	  organs,	  it	  would	  be	  useful	  to	  generate	  mice	  carrying	  a	  conditional	  mutation.	  Additionally,	   in	  order	  to	  study	  its	  gene	  expression	  pattern	  and	  the	  signalling	  pathways	  involved	  in	  its	  gene	  expression	  regulation,	  mice	  carrying	  a	  fluorescent	  reporter	  gene	  driven	  by	  the	  BTC	  regulatory	  region	  are	  needed.	  Schneider	   et	   al	   generated	   in	   2005	   a	   BTC	   transgenic	   mice	   overexpressing	   BTC	  under	  the	  control	  of	  the	  ubiquitously	  active	  promoter	  (Schneider	  et	  al.,	  2005).	  These	  mice	  exhibited	   several	   phenotypes	   including	   a	   high	   early	   postnatal	   mortality,	   reduced	   body	  weight	  gain,	  growth	  reduction,	  reduction	   in	   the	   length	  of	  different	  bones,	   lung	  and	  heart	  alterations,	  and	  eye	  opacity	  (Schneider	  et	  al.,	  2005).	  In	  contrast,	  BTC	  null	  mice	  are	  fertile	  and	  viable,	  have	  normal	  pancreas	  morphology	  and	  present	  normal	  expression	  of	   insulin,	  glucagon,	  cytokeratin	  and	  amylase	  (Jackson	  et	  al.,	  2003).	  Their	  CNS	  anatomy	  also	  appears	  grossly	  normal,	  however,	  Gomez-­‐Gaviro	  et	  al.,	   (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012)	  found	   that	   regeneration	   of	   neuroblasts	   in	   the	   SVZ	   niche	   after	   AraC	   treatment	   was	  significantly	   delayed	   compared	   to	   controls,	   suggesting	   that	   BTC	  may	   play	   a	   particularly	  critical	   role	   in	   repair.	   There	   are	   no	   reports	   of	   BTC	   conditional	   and	   reporter	   mice	   that	  might	  be	  useful	   in	   order	   to	   study	  BTC	   function	   in	   a	   tissue-­‐specific	  manner	   as	  well	   as	   to	  elucidate	  the	  molecular	  pathways	  regulating	  BTC	  expression.	  Althought	   it	  has	  been	  possible	   to	  generate	  conditional	  KO/	  reporter	  mice	  via	   the	  conventional	   homologous	   recombination	   methods,	   the	   discovery	   of	   the	   CRISPR/CAS9	  system	   and	   its	   utility	   in	   “genome	   editing”	   has	   accelerated	   and	   greatly	   improved	   the	  efficiency	  of	  the	  process	  over	  the	  last	  year	  (Yang	  et	  al.,	  2013).	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I-­‐6-­‐	  CRISPR	  –CAS	  SYSTEM	  	  The	   techniques	   for	   generating	   genetically	   altered	   animal	   models	   have	   been	  refined	  over	   the	  years	  and	  among	  many	   laboratories.	  A	  number	  of	  genome	  editing	   tools	  have	  emerged	   in	   these	   last	   few	  years	  and	   this	   includes	   the	  zinc-­‐finger	  nucleases	   (ZFNs),	  transcription	  activator-­‐like	  effector	  nucleases	  (TALENs)	  and	  the	  RNA-­‐guided	  CRISPR-­‐Cas	  nuclease	  system.	  The	   CRISPR-­‐Cas	   (Clustered	   regulatory	   interspaced	   short	   palindromic	   repeats-­‐CRISPR-­‐associated	  proteins)	  system	  is	  a	  new	  technology	  that	  has	  emerged	  from	  adaptive	  imuno	   system	   of	   most	   archaea	   and	   many	   bacteria	   that	   act	   against	   invading	   genetic	  elements	   (Deveau,	   Garneau,	   &	  Moineau,	   2010;	   Horvath	   &	   Barrangou,	   2014;	   Karginov	   &	  Hannon,	  2010;	  Koonin	  &	  Makarova,	  2009;	  Sorek,	  Kunin,	  &	  Hugenholtz,	  2008;	  van	  der	  Oost,	  Jore,	   Westra,	   Lundgren,	   &	   Brouns,	   2009).	   CRISPR	   loci	   consist	   of	   several	   short	   direct	  repeats	   interspaced	  with	   variable	   sequences	   called	   spacers	   (which	  mostly	   derived	   from	  exogenous	   DNA	   targets	   also	   known	   as	   protospacers)	   and	   these	   together	   constitute	   the	  CRISPR	  RNA	  (crRNA)	  array	  (Horvath	  &	  Barrangou,	  2014;	  Ran,	  Hsu,	  Wright,	  et	  al.,	  2013).	  Each	  protospacer	  is	  always	  associated	  with	  a	  protospacer	  adjacent	  motif	  (PAM)	  (Ran,	  Hsu,	  Wright,	  et	  al.,	  2013)	  and	  the	  crRNA	  are	  often	  adjacent	  to	  cas	  genes	  (Horvath	  &	  Barrangou,	  2014).	   In	   order	   to	   create	   the	   crRNA	   the	   array	   is	   transcribed	   as	   a	   pre-­‐crRNA	   and	   it	   is	  cleaved	  within	  the	  repeats	  into	  short	  crRNAs	  containing	  the	  individual	  spacer	  sequences.	  There	  are	  three	  different	  bacterial	  CRISPR	  systems	  termed	  type	  I,	  II	  and	  III.	  These	  systems	  differ	   from	  each	  other	   in	   some	  aspects:	   in	   the	   case	  of	   type	   I,	   the	  mature	   crRNA	  remains	  associated	  with	   the	   complex	  after	   the	   initial	   endonuclease	   cleavage,	  whereas	   in	  type	   III,	   the	   crRNA	   is	   processed	  with	  Cas6	   and	   is	   transferred	   into	   a	   distinct	   Cas	  protein	  complex.	  On	   the	  other	  hand,	   the	   type	   II	   system	  comprises	  of	  a	   trans-­‐encoded	  small	  RNA	  (tracrRNA)	  which	  acts	  as	  a	  guide	  for	  the	  processing	  of	  pre-­‐crRNA	  and	  is	  complementary	  to	  the	   palindromic	   repeat	   (Makarova	   et	   al.,	   2011).	  When	   it	   hybridizes	   with	   a	   palindromic	  repeat	   it	   triggers	  processing	  by	  RNaseIII.	  The	  mature	  crRNA	  guides	  the	  Cas9	  nuclease	  to	  the	   DNA	   to	   induce	   double-­‐stranded	   breaks	   (DSBs).	   Additionally,	   the	   type	   I	   system	   has	  been	  found	  in	  bacteria	  and	  in	  archaea,	  the	  type	  II	  system	  is	  exclusively	  found	  in	  bacteria	  whereas	   type	   III	   system	   is	  more	   commonly	   found	   in	  archaea	  but	   it	   can	  also	  be	   found	   in	  bacteria	   (Bhaya,	   Davison,	   &	   Barrangou,	   2011).	   I	   will	   further	   elaborate	   on	   the	   type	   II	  system	  as	  this	  was	  the	  tool	  I	  used	  during	  my	  masters	  project.	  
Inês	  Santos	  	  Betacellulin	  and	  Neurogenesis	  in	  the	  Adult	  Central	  Nervous	  System	   	  
	   28	  
The	  CRISPR	  type	  II	  system	  is	  one	  of	  the	  best	  characterized	  and	  was	  derived	  from	  Streptococcus	  pyogenes	  (Ran,	  Hsu,	  Wright,	  et	  al.,	  2013).	  As	  mentioned	  above,	  it	  consists	  of	  a	  nuclease	  Cas9	  (which	  is	  a	  double	  stranded	  nuclease),	  the	  crRNA	  array	  that	  encodes	  the	  guide	  RNAs	  and	  a	  tracrRNA.	  After	  processing	  the	  pre-­‐crRNA,	  the	  mature	  crRNA:	  tracrRNA	  complex	  directs	  the	  Cas9	  to	  the	  target	  DNA	  via	  Watson-­‐Crick	  base	  pairing.	  The	  target	  DNA	  sequence	  must	  be	  immediately	  followed	  by	  a	  PAM	  sequence	  of	  NGG	  (C.	  Wei	  et	  al.,	  2013).	  Finally,	  Cas9	  cleaves	  the	  target	  DNA	  and	  creates	  a	  double	  stranded	  break	  (DSB)	  within	  the	  protospacer	  (Figure	  16).	  	  	  	  
	    
Figure	  16	   –	   Schematic	   representation	  of	  Streptococcus	  pyogene	   SF370	  CRISPR	   locus	  1.	  The	  
CRISPR	  locus	  is	  constituted	  by	  cas	  gene	  follow	  by	  an	  array	  of	  direct	  repeats	  separated	  by	  a	  
spacer.	  It	   is	  transcribed	  as	  a	  pre-­‐crRNA	  and	  then	  processed	  by	  RNase3	  and	  other	  unknown	  
nuclease	   (s)	   to	   a	   mature	   crRMA.	   	   The	   complex	   crRNA:tracrRNA	   recognises	   	   the	   target	  
sequence	   and	   induces	   a	   double	   strand	   break	   mediated	   by	   Cas	   9	   (http://www.genome-­‐
engineering.org/crispr/?page_id=27).	  
	  I-­‐6.1-­‐	  REPAIR	  MECHANISMS	  MEDIATED	  BY	  THE	  CRISPR-­‐CAS	  9	  SYSTEM	  
 The	  DSB	  created	  by	  Cas9	  can	  be	  repaired	  by	  the	  error-­‐	  prone	  non-­‐homologous	  end	  joining	   (NHEJ)	   mechanism	   or	   by	   the	   high-­‐fidelity	   homology-­‐directed	   repair	   (HDR)	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mechanism	  (Figure	  17)	  (Ran,	  Hsu,	  Wright,	  et	  al.,	  2013).	   	  In	  the	  case	  of	  NHEJ	  the	  ends	  are	  joined	   without	   a	   long	   tract	   of	   sequence	   homology	   (Hefferin	   &	   Tomkinson,	   2005).	   This	  process	  leaves	  scars	  in	  the	  form	  of	  insertion	  /deletion	  (indel)	  mutations	  and	  can	  be	  used	  to	   generate	   loss	   of	   function	   gene	  mutations,	   and	   if	   it	   occurs	  within	   a	   coding	   exon	   it	   can	  lead	  to	  frameshift	  mutations	  and	  premature	  stop	  codons	  (Ran,	  Hsu,	  Wright,	  et	  al.,	  2013).	  	  On	   the	   other	   hand,	   if	   a	   homologous	   sequence	   exists,	   the	   DSBs	   can	   be	   repaired	   by	  homologous	   recombination,	   i.e.,	   the	   HDR	   mechanism/	   process	   (Hefferin	   &	   Tomkinson,	  2005).	  This	   sequence	  homology	   can	  be	  either	   single	   stranded	  DNA	  with	  homology	  arms	  flanking	  the	  insertion	  sequence,	  or	  it	  could	  be	  a	  double	  stranded	  DNA.	  The	  HDR	  pathway	  can	   be	   used	   to	   insert	   DNA	   fragments	   in	   the	   genome	   or	   to	   introduce	   single	   nucleotide	  mutations	   for	   probing	   causal	   genetic	   variations	   (Chen	   et	   al.,	   2011).	   This	   pathway	   is	  preferentially	   active	   in	   S	   phase	   of	   the	   cell	   cycle	   and	   the	   efficiency	   of	   the	   process	   is	  dependent	   on	   the	   phase	   of	   cell	   cycle,	   cell	   type,	   as	  well	   as	   the	   genomic	   locus	   and	   repair	  template	  (Ran,	  Hsu,	  Wright,	  et	  al.,	  2013;	  Saleh-­‐Gohari	  &	  Helleday,	  2004).	  	  
 
Figure 17 – Two major pathways to repair the double stranded break (DSB) mediated by Cas9. 
There are two major pathways to repair the DSB mediated by Cas9 (yellow): the non-homologous-
end joining (NHEJ) and the homology directed repair (HDR). In the case of NHEJ it occurs when 
there is not template to repair the DSBs and it can lead to indel mutations or formation of 
premature stop codon. In the case of HDR it occurs when there is a template to repair the DSBs. It 
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other Cas9 orthologs may have different PAM requirements, 
such as those of S. thermophilus (5`-NNAGAA22,26 for CRISPR1 
and 5`-NGGNG28,37 for CRISPR3) and Neisseria meningiditis  
(5`-NNNNGATT)39.
The RNA-guided nuclease function of CRISPR-Cas is recon-
stituted in mammalian cells through the heterologous expres-
sion of human codon–optimized Cas9 and the requisite RNA 
components22–25. Furthermore, the crRNA and tracrRNA can be 
fused together to create a chimeric, single-guide RNA (sgRNA)27 
(Fig. 1). Cas9 can thus be re-directed toward almost any target of 
interest in immediate vicinity of the PAM sequence by altering 
the 20-nt guide sequence within the sgRNA.
Given its ease of implementation and multiplexing capacity, 
Cas9 has been used to generate engineered eukaryotic cells car-
rying specific mutations via both NHEJ and HDR22–25,40. Direct 
injection of sgRNA and mRNA encoding Cas9 into embryos has 
enabled the rapid generation of transgenic mice with multiple 
modified alleles41,42. These results hold enormous promise for 
editing organisms that are otherwise genetically intractable.
Cas9 nucleases carry out strand-specific cleavage by using 
the conserved HNH and RuvC nuclease domains, which 
can be mutated and exploited for additional function37. 
An aspartate-to-alanine (D10A) mutation in the RuvC catalytic 
domain27,28 allows the Cas9 nickase mutant (Cas9n) to nick 
rather than cleave DNA to yield single-stranded breaks, and 
the subsequent preferential repair through HDR22 can poten-
tially decrease the frequency of unwanted indel mutations from 
off-target DSBs. Appropriately offset sgRNA pairs can guide 
Cas9n to simultaneously nick both strands of the target locus 
to mediate a DSB, thus effectively increasing the specificity of 
target recognition43. In addition, a Cas9 mutant with both DNA-
cleaving catalytic residues mutated has been adapted to enable 
transcriptional regulation in Escherichia coli44, demonstrating 
the potential of functionalizing Cas9 for diverse applications, 
such as recruitment of fluorescent protein labels or chromatin- 
modifying enzymes to specific genomic loci for reporting or 
modulating gene function.
Here we explain in detail how to use a human codon– 
optimized, nuclear localization sequence-flanked wild-type 
(WT) Cas9 nuclease or mutant Cas9 nickase to facilitate 
eukaryotic gene editing. We describe considerations for design-
ing the 20-nt guide sequence, protocols for rapid construction 
and functional validation of sgRNAs and finally the use of the 
Cas9 nuclease to mediate both NHEJ- and HDR-based genome 
modifications in human embryonic kidney (HEK 293FT) and 
human stem cell (HUES9) lines (Fig. 3). The Cas9 system can 
similarly be applied to other cell types and organisms, includ-
ing humans22,23,25, mice22,41,45, zebrafish45, Drosophila46 and 
Caenorhabditis elegans47.
Comparison with other genome editing technologies
As with other designer nuclease technologies such as ZFNs and 
TALENs, Cas9 can facilitate targeted DNA DSBs at specific loci of 
interest in the mammalian genome and stimulate genome editing 
via NHEJ or HDR. Cas9 offers several potential advantages over 
ZFNs and TALENs, including the ease of customization, higher 
targeting efficiency and the ability to facilitate multiplex genome 
editing. As custom ZFNs are often difficult to engineer, we will 
primarily compare Cas9 with TALEN.
Ease of customization. Cas9 can be easily retargeted to new DNA 
sequences by simply purchasing a pair of oligos encoding the 
20-nt guide sequence. In contrast, retargeting of TALEN for a 
new DNA sequence requires the construction of two new TALEN 
genes. Although a variety of protocols exist for TALEN con-
struction14,17,48,49, it takes substantially more hands-on time to 
construct a ew pair of TALENs.
Cleavage pattern. WT S. pyogenes Cas9 (SpCas9) is known to 
make a blunt cut between the 17th a d 18th bases in the target 
sequence (3 bp 5` of the PAM)27. Mutating catalytic residues in 
either the RuvC or the HNH nuclease domain of SpCas9 con-
verts the enzyme into a DNA nicking enzyme22,27. In contrast, 
TALENs cleave nonspecifically in the 12–24-bp linker between 














      ..AATGGGGAGGACATCGATGTCACCTCCAATGACTAGGGTGGGCAACCAC..   
        ||||||||||||||||||                    |||||||||||
      ..TTACCCCTCCTGTAGCTACAGTGGAGGTTACTGATCCCACCCGTTGGTG..
                          |||||||||||||||||||| 
                          GTCACCTCCAATGACTAGGGGUUUUAGAGCUAG
A
A
                       •|||||• |||| 
GUUCAACUAUUGCCUGAUCGGAAUAAAAUU CGAUA
||||                        GAA    
AAAGUGGCACCGA                       
     •|||||||G                      
UUUUUUCGUGGCU                       
A
A
Figure 1 | Schematic of the RNA-guided Cas9 nuclease. The Cas9 nuclease from 
S. pyogenes (in yellow) is targeted to genomic DNA (shown for example is the  
human EMX1 locus) by an sgRNA consisting of a 20-nt guide sequence (blue) 
and a scaffold (red). The guide sequence pairs with the DNA target (blue bar 
on top strand), directly upstream of a requisite 5`-NGG adjacent motif  

































Figure 2 | DSB repair promotes gene editing. DSBs induced by Cas9 (yellow) 
can be repaired in one of two ways. In the error-prone NHEJ pathway,  
the ends of  DSB are processed by ndogenous DNA repair machinery a d 
rejoined, which can r sult in random ind l mutations at the site of junction. 
Indel mutations occurring within the coding region of a gene can result in 
frameshifts and the creation of a premature stop codon, resulting in gene 
knockout. Alternatively, a repair template in the form of a plasmid or ssODN 
can be supplied to leverage the HDR pathway, which allows high fidelity and 
precise editing. Single-stranded nicks to the DNA can also induce HDR.
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I-­‐6.2-­‐	  APPLICATIONS	  AND	  ADVANTAGES	  OF	  THE	  CRISPR	  –CAS9	  SYSTEM	  	  The	  CRISPR-­‐Cas	  system	  has	  been	  used	  as	  a	  powerful	  tool	  for	  genome	  editing.	  Table	  I	  presents	  applications	  of	  this	  system	  in	  various	  species.	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It	  was	  reported	  that	  mutant	  mice	  could	  be	  generated	  via	  the	  CRISPR/Cas	  9	  system	  by	  using	  two	  different	  approaches:	  one	  is	  by	  transfection	  of	  Cas9	  plasmid	  with	  the	  sgRNA	  plasmid	   into	   embryonic	   stem	  cells	   (ESCs),	   and	   the	  other	   is	   by	   injecting	  Cas9	  mRNA	  and	  sgRNA	  directly	  into	  a	  zygote	  (Wang	  et	  al.,	  2013).	  	  The	  CRISPR/Cas9	  system	  has	  some	  advantages	  when	  compared	  to	  other	  genome	  editing	  methods.	  It	  has	  been	  shown	  to	  be	  more	  efficient	  than	  ZFNs	  and	  TALENs,	  as	  well	  as	  being	  less	  toxic	  to	  cells	  (D.	  Li	  et	  al.,	  2013).	  Additionally,	  the	  CRISPR-­‐Cas9	  system	  can	  target	  the	   DNA	   in	   a	   more	   specific	   way	   when	   compared	   to	   the	   other	   systems	   and	   it	   is	   also	  relatively	  easy	  to	  customize	  as	  the	  20	  nt	  guide	  sequence	  can	  be	  easily	  modified	  to	  target	  almost	  any	  desired	  sequence	  (Ran,	  Hsu,	  Wright,	  et	  al.,	  2013).	  When	  compared	  to	  TALEN’s,	  the	  cloning	  process	  of	  the	  CRISPR-­‐Cas	  vectors	  is	  very	  simple	  and	  fast	  (C.	  Wei	  et	  al.,	  2013).	  	  Finally	  Cas9	  can	  target	  multiple	  genomic	  loci	  at	  the	  same	  time	  by	  co-­‐transfection	  of	  several	  	  	  	  	  	  	  	  	  	  gRNAs	  to	  different	  sequences	  in	  the	  same	  cell.	  	  I-­‐6.3-­‐	  LIMITATIONS	  OF	  THE	  CRISPR	  –CAS9	  SYSTEM	  Despite	  the	  many	  advantages	  of	  the	  CRISPR	  system,	  it	  also	  has	  several	  limitations.	  The	  fact	  that	  a	  PAM	  motif	  is	  needed	  at	  the	  3’	  site	  of	  the	  20	  bp	  target	  sequence	  is	  possibly	  one	  limitation	  to	  this	  system.	  	  Another	  major	  limitation	  is	  the	  number	  of	  off-­‐target	  effects.	  This	   latter	   issue	   can	  be	  overcome	  at	   least	   to	   some	  extent	   by	  using	   a	  bioinformatics	   tool	  that	   predicts	   the	   number	   of	   likely	   “off-­‐targets”	   for	   each	   sequence,	   allowing	   the	   CRISPRs	  with	  the	  fewest	  off-­‐targets	  to	  be	  chosen.	  Additionally,	  the	  concentration	  of	  the	  transfected	  CRISPRs	  as	  well	   as	   the	   ratio	  of	  Cas9	  and	   sgRNA	   (if	   using	   them	  separately)	  may	  have	  an	  influence	   on	   the	   number	   of	   off-­‐target	   effects	   (P.	   D.	   Hsu	   et	   al.,	   2013).	   Finally,	   Ran	   et	   al.,	  showed	  that	  if	  the	  catalytic	  residues	  of	  Cas	  9	  are	  mutated,	  it	  can	  be	  converted	  into	  a	  DNA	  nickase,	  which	   reduces	   the	   off-­‐target	   activity	   of	   the	   enzyme	   by	   increasing	   its	   specificity	  (Ran,	  Hsu,	  Lin,	  &	  Gootenberg,	  2013).	  However,	  a	  deeper	  molecular	  understanding	  of	  this	  system	   is	   still	   missing	   and	   more	   studies	   using	   CRISPR-­‐Cas9	   are	   needed	   to	   help	   better	  understand	  the	  potential	  of	  this	  new	  genomic	  editing	  tool.	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I-­‐	  7	  -­‐	  PROJECT	  OUTLINE:	  In	   my	   master’s	   thesis	   I	   intend	   to:	   (1)	   Characterize	   BTC	   expression	   by	   CP	   and	  endothelial	   cells	   within	   the	   SVZ	   niche,	   in	   particular	   to	   explore	   whether	   it	   is	   found	  throughout	  the	  microvasculature	  or	  whether	  it	   is	  only	  present	   in	  discrete	   locations	  close	  to	  (or	  in	  contact	  with)	  NSCs	  and/or	  active	  regions	  of	  neurogenesis	  using	  new	  visualisation	  techniques	   such	   as	   SeeDB	   and	   CLARITY;	   (2)	   Uncouple	   the	   importance	   of	   the	   BTC-­‐	  mediated	  AKT	  and	  MEK	  signalling	  pathway	  in	  proliferation/survival	  of	  NSCs	  in	  vitro	  using	  the	   neurosphere	   assay;	   (3)	   Generate	   reporter	  mice,	   using	   the	   newly	   developed	   CRISPR	  technique,	   where	   the	   BTC	   regulatory	   regions	   will	   drive	   the	   expression	   of	   a	   fluorescent	  reporter	  gene	  allowing	  efficient	  visualisation	  of	  BTC-­‐expressing	  cells	  and	  to	  ask	  whether	  its	   transcription	   is	  modulated;	   (4)	  Generate	  BTC	   conditional	  mutant	  mice,	   using	  CRISPR	  techniques,	  to	  ask	  about	  the	  relative	  importance	  of	  BTC	  made	  by	  vascular	  cells	  within	  the	  niche	  and	  by	  the	  choroid	  plexus.	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II-­‐1-­‐ANIMAL	  REGULATION,	  HUSBANDRY	  AND	  TISSUE	  HARVESTING	  
II-­‐	  1.1-­‐LEGAL	  DECLARATION	  AND	  MOUSE	  HUSBANDRY	  
	   All	   experiments	   were	   carried	   out	   in	   accordance	   with	   the	   UK	   (Scientific	  Procedures)	  Animal	  Act	  1986,	  under	  the	  project	   licence	  (PPL	  80/2405).	  I	  declare	  that	  all	  procedures	  undertaken	  in	  my	  project	   follow	  the	  regulations	  stated	  in	  the	  above	  licences,	  and	  are	   listed	   in	  my	  personal	   licence	   (PIL	  70/26524).	  The	  mice	  were	  maintained	   in	   the	  Laidlaw	   Green	   (LLG)	   unit	   at	   NIMR.	   Day-­‐to-­‐day	   husbandry,	   feeding,	   weaning	   and	   ear	  biopsies	  are	  performed	  by	  the	  animal	  technicians.	  	  	  
II-­‐1.2-­‐TISSUE	  FIXATION	  AND	  PROCESSING	  	   Wild	   type	   mice	   were	   deeply	   anaesthetized	   using	   intraperitoneal	   injection	   of	  TriBromoEthanol	  (400mg/kg	  body	  weight).	  	  	  
II-­‐1.2.1	  SeeDB	  I	   followed	   the	   methodology	   described	   in	   Ke	   et	   al.,	   2013	   (Ke,	   Fujimoto,	   &	   Imai,	  2013).	   Mice	   were	   transcardially	   perfused	   with	   ice-­‐cold	   phosphate-buffered saline (PBS)	  solution	   to	   remove	   blood.	   Brains	   were	   removed	   and	   submerged	   in	   fixative	  paraformaldehyde	   (PFA,	   Sigma)	   4%	   (wt/vol)	   at	   4	   °C	   overnight.	   All	   reagents	   were	  purchased	   from	   Sigma.	   D(−)-­‐fructose	  was	   dissolved	   in	   distilled	  water	   at	   65	   °C.	   Once	   at	  room	  temperature,	  0.5%	  α-­‐thioglycerol	  was	  added	  to	  the	  solution.	  SeeDB	  (80.2%	  (wt/wt)	  fructose;	  ~115%,	  wt/vol)	   solution	  was	  prepared	  on	   the	  basis	  of	  percent	  weight/weight.	  Other	   fructose	   solutions	   (20–100%,	   wt/vol)	   were	   prepared	   on	   the	   basis	   of	   percent	  weight/volume	  in	  accordance	  with	  Ke	  et	  al.,	  2013	  (Ke	  et	  al.,	  2013).	  	  Fixed	  brains	  were	  first	  embedded	  in	  1%	  agarose	  (Invitrogen,	  UltraPure	  Agarose)	  in	   PBS	   and	   500μm	   thick	   free-­‐floating	   sections	  were	   obtained	   by	   vibratome	   (Leica).	   For	  sample	  clearing,	  sections	  were	  serially	  incubated	  in	  20%,	  40%	  and	  60%	  fructose,	  each	  for	  4–8	   h	   with	   gentle	   shaking	   at	   room	   temperature.	   Sections	   were	   then	   incubated	   in	   80%	  fructose	   for	  12	  h,	  100%	  fructose	   for	  12	  h	  and	  finally	   in	  SeeDB	  (80.2%	  fructose)	   for	  24	  h	  with	  gentle	  shaking	  at	  room	  temperature.	  The	  concentration	  of	  fructose	  was	  increased	  up	  to	   86.7%	   (wt/wt,	   SeeDB37)	  when	   clearing	  was	   performed	   at	   37	   °C.	   Samples	  were	   then	  processed	  for	  immunostaining	  (see	  below).	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II-­‐1.2.2	  CLARITY	  	  The	  methodology	  followed	  that	  described	  by	  Chung	  et	  al.	  (Chung	  et	  al.,	  2013).	  Mice	  were	  first	  transcardially	  perfused	  with	  chilled	  heparin	  solution	  (10U/ml)	  to	  remove	  blood.	  Then	   animals	   were	   transcardically	   fixed	   with	   20	   ml	   of	   ice	   cold	   hydrogel	   PBS	   solution	  containing	   Acrylamide	   (4%,	   Bio-­‐Rad),	   Bis	   (0.05%,	   Bio-­‐Rad),	   VA-­‐044	   Initiator	   (0.25%,	  Wako),	  and	  PFA	  (4%,	  Electron	  Microscopy	  Sciences),	  at	  a	  rate	  of	  10ml/min.	  Brains	  were	  removed	   from	   the	   skull,	   submerged	   in	  20	  ml	  of	   cold	  hydrogel	   solution	  and	   incubated	  at	  4°C	  for	  2-­‐3	  days	  for	  passively	  diffusion	  of	  hydrogel	  monomer	  solution.	  Brains	  were	  then	  placed	  in	  a	  dessication	  chamber	  with	  the	  lid	  open	  to	  replace	  all	  gases	  by	  nitrogen.	  The	  dessication	  chamber	  was	   filled	  with	  nitrogen	   then	  a	  vacuum	  was	  created	   for	   15	   min.	   The	   chamber	   was	   then	   slowly	   filled	   with	   nitrogen	   and	   tubes	   were	  quickly	  tightly	  closed.	  Tubes	  were	  submerged	  in	  water	  bath	  at	  37°C	  with	  agitation	  for	  3h	  until	  the	  hydrogel	  polymerises.	  The	  polymerised	  hydrogel	  was	  removed	  in	  the	  fume	  hood.	  Extra	   monomer,	   PFA	   and	   inhibitor	   were	   dialized	   out	   by	   submerging	   samples	   for	   24	   h	  under	   agitation	   at	   room	   temperature	  with	   clearing	   solution	   (Boric	  Acid	  200	  mM	   (BDH),	  sodium	  Dodecyl	  Sulfate	  4%	  (Fisher)	  in	  distilled	  water,	  pH	  adjusted	  at	  8.5).	  Samples	  were	  then	  washed	  twice	  with	  clearing	  solution	  for	  24h	  each	  at	  37°C.	  	  	   The	   clearing	   process	   was	   performed	   either	   using	   electrophoresis	   or	   by	   passive	  clearing.	   For	   electrophoretic	   tissue	   clearing	   (ETC),	   we	   placed	   entire	   brains	   in	   the	   ETC	  chamber	   (described	   in	  Chung	  et	  al.,	  2013)	   	  and	  clearing	  solution	  was	  circulated	   through	  the	  chamber	  using	  a	  temperature	  controlled	  water	  circulator,	  with	  17	  V	  applied	  across	  the	  tissue	  at	  37°C	  until	  the	  sample	  was	  clear	  (approximately	  1	  week).	  For	   passive	   clearing,	   roughly	   sliced	   brain	   (around	   1mm	   thick)	   sections	   were	  placed	  in	  a	  50ml	  tube	  with	  clearing	  solution	  at	  37°C	  under	  agitation	  until	  the	  sample	  was	  clear	   (approximately	   1	   week).	   Samples	   were	   washed	   twice	   with	   PBS,	   0.1%	   TritonX	  (Sigma)	  for	  24	  hours	  each.	  Samples	  were	  then	  processed	  for	  immunostaining	  (see	  below).	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II-­‐2-­‐	  CELL	  CULTURE	  
II-­‐	  2.1-­‐	  NEUROSPHERE	  FORMATION	  AND	  PROPAGATION	  Mice	   were	   killed	   by	   cervical	   dislocation.	   Whole	   brains	   were	   then	   removed	   and	  placed	  in	  Dulbecco’s	  Modified	  Eagle	  Medium	  F12	  (DMEM-­‐F12	  -­‐Gibco).	  Brains	  were	  sliced	  in	   the	  rostral	  area	   to	   reveal	   the	  SEZ,	  which	  was	   then	  dissected	  out	  and	  placed	   in	  chilled	  DMEM-­‐F12.	   Tissues	   were	   centrifuged	   5	   min	   at	   12000	   rpm	   and	   then	   pellets	   were	  dissociated	   using	   1	   ng/μl	   of	   papain	   (Roche)	   solution	  with	   DNAse	   (0.3U/ml,	   Invitrogen)	  and	   incubated	   for	   30	   min	   at	   37°C	   5%	   CO2.	   Dissociation	   solution	   was	   removed	   by	  centrifugation	  for	  5	  min	  at	  12000	  rpm	  and	  cells	  were	  resuspended	  in	  NSC	  growth	  medium	  (DMEM-­‐F12	   supplemented	   with	   0.6%	   glucose	   (VWR),	   100	   U/ml	   penicillin,	   100μg/ml	  streptomycin	   sulphate	   (Gibco),	   2mM	   L-­‐Glutamine	   (Gibco),	   N2	   1x	   (Invitrogen),	   B27	   1x	  (Gibco),	  20ng/ml	  of	  EGF	  and	  FGF	  (R&D	  systems)).	  The	  cells	  were	  plated	  at	  5x104	  cells/ml	  and	  placed	  in	  an	  incubator	  at	  37°C,	  5%	  CO2.	  To	   passage	   neurospheres,	   cells	   were	   centrifuged	   5	  min	   at	   1200rpm	   at	   4°C.	   The	  pellet	   was	   resuspended	   in	   2	   ml	   of	   TrypleTM	   (Gibco)	   and	   incubated	   20	   min	   at	   37°C.	  Dissociated	   neurospheres	   were	   then	   centrifuged	   for	   5	  min	   at	   1200rpm.	   The	   pellet	   was	  resuspended	   in	  1	  ml	  of	   growth	  medium.	  Cells	  were	   counted	  using	  an	  automatic	   counter	  (Scepter,	  Millipore),	  plated	  at	  5x104	  cells/ml	  and	  incubated	  at	  37°C,	  5%	  CO2.	  To	  study	  the	  effect	  of	  inhibitors	  and	  betacellulin	  on	  progenitors	  in	  vitro,	  coverslips	  were	  coated	  with	  matrigel	  (BD	  biosciences	  (1:12))	  and	  incubated	  at	  least	  20	  min	  at	  37°C	  then	  washed	  twice	  with	  PBS.	  Cells	  were	  plated	  at	  2x104	  cells/ml	  and	  incubated	  in	  medium	  supplemented	  with	  growth	  factor	  alone	  (ie	  BTC	  or	  EGF)	  or	  in	  combination	  (ie	  BTC+EGF)	  at	  37°C,	  5%	  CO2	  for	  2	  days.	  After	  2	  days,	  signalling	  pathway	  inhibitors	  were	  added	  alone	  or	  in	  combination	  (LY4002	  (0.02μM/μl,	  Cell	  signalling),	  PD98059	  (0.02μM/μl,	  Cell	  signalling)).	  DMSO	  (Sigma)	  was	  added	  as	  control	  as	  both	  inhibitors	  were	  resuspended	  in	  DMSO.	   	  	  
II-­‐2.2-­‐	  EMBRYONIC	  STEM	  (ES)	  CELLS  The	   ES	   cell	   line	   used	   (ES45)	   was	   derived	   from	   blastocysts	   isolated	   from	   a	  transgenic	  mouse	  carrying	  the	  1.4	  kb	  TESCO	  enhancer	  driving	  CFP	  as	  a	  transgene.	  The	  ES	  cells	  were	  isolated	  from	  mice	  of	  B6xCBA	  F1	  background.	  The	  reason	  for	  working	  with	  this	  specific	  ESC	  is	  their	  high	  efficiency	  of	  germline	  transmission	  as	  has	  been	  previously	  shown	  in	   the	   lab.	   Following	   the	   generation	   of	   the	   BTC	   targeted	   mice,	   TESCO-­‐CFP	   should	   be	  crossed	  out	  by	  breeding,	  assuming	  the	  latter	  is	  not	  linked	  on	  the	  same	  chromosome	  as	  Btc.	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  ES45	  were	  cultured	  on	  gelatin	  coated	  dishes	  (170	  mM	  NaCl,	  3.4	  mM	  KCl,	  10	  mM	  Na2HPO4,	  1.8mM	  KH2PO4	  and	  gelatin	  1g/L-­‐	  Large	  Scale	  Lab)	  in	  2i/LIF	  medium	  composed	  of	   N2B37	  media	   (Stem	   Cell	   Sciences)	   supplemented	  with	   100U/ml	   penicillin,	   100μg/ml	  streptomycin	   sulphate	   (Gibco),	   2mM	   L-­‐Glutamine	   (Gibco),	   5x103	   U	   of	   Lif	   in	   N2B27	  (Millipore),	  3μM	  CHIR	  (Axon	  MedChem	  Axon	  1386),	  1μM	  PD	  (Axon	  MedChem	  Axon	  1408),	  and	   91.52	   mM	   β-­‐Mercaptoethanol	   (Sigma).	   Under	   these	   conditions,	   the	   cells	   grow	   as	  aggregates	   in	   suspension.	   Upon	   reaching	   confluence,	   the	   cells	   were	   passaged	   by	   the	  following	   protocol:	   cell	   suspensions	   were	   placed	   into	   an	   apparopriate	   sized	   tube	   and	  centrifuged	  for	  5	  min	  at	  1000	  rpm,	  the	  supernatant	  aspirated,	  and	  the	  cells	  washed	  with	  5ml	  of	  PBS.	  The	  cells	  were	  centrifuged	  again	  for	  5min	  at	  1000	  rpm,	  the	  supernatant	  was	  discarded	  and	  100	  μl	  of	  trypsin-­‐EDTA	  (Gibco)	  added	  and	  incubated	  at	  37°C	  for	  5	  min.	  10%	  of	  the	  cells	  were	  plated	  into	  new	  10	  cm	  dishes	  gelatin-­‐coated	  with	  fresh	  2i/LIF	  medium.	  	  
II-­‐3-­‐	  TRANSFECTIONS	  Tranfections	   of	   ES	   cells	   were	   done	   using	   nucleoporation	   with	   the	   Amaxa	   kit	  (AmaxaTM	   Mouse	   ES	   Cell	   NucleofactorTM	   Kit,	   Lonza).	   Generally,	   we	   followed	   the	  manufacturer’s	   protocols,	  with	  minor	  modifications	   as	   detailed	   below.	   Cultured	   ES	   cells	  were	  washed	  once	  with	  PBS,	   trypsinized	  and	   resuspended	   in	  N2B27	  medium	   (Stem	  cell	  Sciences)	  at	  a	  concentration	  of	  1	  x	  106	  cells/ml.	  The	  cells	  were	  centrifuged	  and	  the	  pellet	  resuspended	  with	  nucleofector	  mix	  in	  addition	  to	  1	  μg	  of	  gRNAs,	  2	  μg	  of	  PGK-­‐Puro	  and	  1	  μg	  of	  single	  or	  double	  stranded	  oligonucleotide	  (conditional	  mice),	  or,	  0.5	  μg	  of	  gRNA	  and	  2.5-­‐3	  μg	  of	  linearized	  plasmid	  (reporter	  mice).	  For	  electroporation,	  cells	  were	  placed	  in	  a	  cuvette	  and	  electroporated	  in	  program	  number	  A30	  (suitable	  for	  mESC),	  according	  to	  the	  Amaxa	   Nucelofactor	   II	   protocol	   (Biosystems).	   Following	   electroporation,	   the	   cells	   were	  cultured	  in	  2i/Lif	  medium	  for	  36	  hr,	  and	  then	  2μg/ml	  of	  puromycin	  (Gibco)	  in	  the	  case	  of	  generation	  conditional	  mice,	  or	  400ng/ml	  of	  neomicyn	  (Gibco)	  in	  combination	  with	  2	  μM	  of	   ganciclovir	   (Sigma),	   in	   the	   case	   of	   the	   reporter	   mice,	   were	   added	   for	   selection.	   The	  selection	  with	  puromycin	  was	  carried	  out	  for	  only	  48h	  in	  order	  to	  prevent	  the	  permanent	  incorporation	  of	  the	  puromycin	  resistant	  gene	  into	  the	  cell	  DNA.	  In	  the	  case	  of	  the	  reporter	  construct,	   following	   the	   selection,	   cells	   were	   constantly	   grown	   in	   the	   presence	   of	  neomycin	  and	  ganciclovir.	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II-­‐4-­‐	  PICKING	  ES	  CELLS	  FOR	  SCREENING	  Single	  ES	  cells	  colonies	  were	  picked	  under	  the	  microscope	  with	  a	  sterile	  pipette	  tip	  and	   collected	   into	   individual	   wells	   of	   a	   96	  well	   plate,	   each	   containing	   25	   μl	   of	   trypsin-­‐EDTA.	  Cells	  were	  incubated	  5	  min	  at	  37°C	  and	  then	  dissociated	  by	  pipetting	  up	  and	  down	  several	   times	   following	  which	   the	   cells	  were	   transferred	   into	   a	   24	  well	   plate	   containing	  2i/Lif	  medium	  for	  eventual	  expansion	  and	  analysis.	  	  
II-­‐5-­‐	  PCR	  AMPLIFICATION	  
II-­‐5.1-­‐	  HIGH	  FIDELITY	  PCR	  	   The	  5’	  and	  3’	  arms	  of	  BTC	  as	  well	  as	  the	  Southern	  blot	  probes	  were	  amplified	  using	  Phusion	   High	   Fidelity	   PCR.	   Each	   PCR	   reaction	   included	   0.5	   μM	   of	   forward	   and	   reverse	  primers,	   3%	   of	   DMSO,	   1x	   Phusion	   Master	   Mix	   (New	   England	   Biolabs),	   150	   ng/μl	   of	  template	  DNA	  (ES	  45	  gDNA)	  and	  Nuclease	  free	  water.	  The	  PCR	  program	  included	  an	  initial	  denaturation	  at	  94°C	  for	  30s;	  this	  was	  followed	  by	  35	  cycles	  of	  94°C	  for	  10s,	  60°C	  for	  30s	  and	  72°C	  for	  1min	  30s.	  The	  last	  step	  was	  elongation	  at	  72°C	  for	  10	  min.	  The	  PCR	  fragments	  were	   isolated	   from	  a	  1%	  agarose	  gel	  using	   the	  Wizard	  SV	  Gel	  and	  PCR	  Clean-­‐Up	  system	  (Promega).	  The	   fragments	  were	   sequenced	   (Beckman	  Coulter	  Genomics)	   following	   their	  cloning	  into	  the	  relevant	  plasmids.	  	  
II-­‐5.2-­‐	  CONVENTIONAL	  PCR	  	   In	   order	   to	   screen	   for	   the	   presence	   of	   a	   LoxP	   site	   in	   the	   conditional	   KO	   clones,	  intron	   2	   and	   intron	   4	   of	   BTC	   were	   amplified	   by	   conventional	   PCR	   which	   included	   the	  following:	  1x	  buffer	  n°	  3	   (Expand	  Long	  PCR	  Template	  PCR	  System	  kit,	  Roche),	  1x	   cresol	  dye,	  1%	  DMSO,	  0,15U/μl	  Taq	   (thermo	  Scientific),	  0.5mM	  of	  DNTP’s	   (Invitrogen),	  1μM	  of	  forward	   and	   reverse	   primers,	   150ng/μl	   of	   template	   gDNA,	   0.75-­‐3.75mM	   of	   MgCl2	  (Thermo	  Scientific).	  For	  intron	  2	  the	  PCR	  program	  included	  an	  initial	  denaturation	  at	  94°C	  for	  3	  min;	  this	  was	  followed	  by	  35	  cycles	  of	  94°C,	  for	  45sec,	  57.2°C	  for	  45sec,	  and	  72°C	  for	  1min;	   the	   last	   step	   was	   elongation	   at	   72°C	   for	   3min.	   For	   intron	   4	   the	   PCR	   program	  included	  an	  initial	  denaturation	  at	  94°C	  for	  3min;	  this	  was	  followed	  by	  35	  cycles	  of	  94°C	  for	  45sec,	  62°C	  for	  45sec,	  and	  72°C	  for	  1min;	  the	  last	  step	  was	  elongation	  at	  72°C	  for	  3min.	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II-­‐6-­‐	  RESTRICTION	  ENZYMES	  	   	  Most	   restriction	   enzyme	   reactions	   were	   carried	   in	   a	   30	   μl	   reaction	   volume	  containing	   1	   μl	   of	   enzyme	   (5-­‐40	   U/μl),	   3	   μl	   of	   10x	   reaction	   buffer,	   3	   μg	   of	   insert	   and	  distilled	  water.	  The	  reaction	  was	  incubated	  at	  37°C	  for	  1	  h.	  
	  
II-­‐7-­‐	  ANTARTIC	  PHOSPHATASE	  	   Following	  digestion	   and	   in	   order	   to	   remove	  de	  5’	   phosphates	   from	   the	  DNA	  and	  prevent	   the	   recircularization	   of	   the	   cloning	   vector,	   the	   plasmid	  was	   treated	  with	   5U	   of	  Antartic	  Phosphatase	  (New	  England	  Biolabs)	  and	  3.5	  μl	  of	  10x	  Antartic	  Phosphatase	  Buffer	  (New	  England	  Biolabs)	  in	  a	  35	  μl	  reaction.	  	  
II-­‐8-­‐	  LIGATION	  For	   ligations	  we	   usually	   use	   50	   ng	   of	   digested	   and	   antartic	   phosphatase	   treated	  vector.	  We	   use	   the	   following	   formula	   to	   calculate	   the	   amount	   of	   insert	   that	  we	   have	   to	  ligate:	  
	   	   !"  !"#$%&  !  !"#$  !"#$%&!"#$  !"#$%& × !!	  	  The	   enzyme	   used	   for	   ligation	  was	   SoluI	   (DNA	   Ligation	  Kit,	   Takara).	   The	   ligation	  reaction	  was	  incubated	  for	  30	  min	  at	  16°C.	  	  
II-­‐9-­‐	  TRANSFORMATION	  After	   ligation,	   transformation	   was	   carried	   out	   using	   half	   of	   the	   product	   coming	  from	  the	  ligation	  and	  using	  75	  μl	  of	  α-­‐	  select	  chemically	  competent	  bacteria	  (Bioline).	  The	  bacteria	  mixed	  with	   the	   ligation	  product	  were	  placed	  on	   ice	   for	  10	  min,	   following	  which	  we	  exposed	  them	  to	  heat	  shock	  at	  42°C	  for	  30	  seconds.	  The	  reaction	  was	  then	  placed	  on	  ice	   for	   2	   min	   and	   SOC	   (Super	   Optimal	   broth	   with	   Catabolite	   repression)	   medium	   was	  added	   to	   a	   final	   volume	   of	   1	  ml.	   Reactions	  were	   incubated	   for	   1h	   at	   37°C	  with	   vertical	  agitation	  of	  200	  rpm	  and	  then	  different	  amounts	  (200-­‐	  300	  μl)	  of	  transformed	  cells	  were	  plated	   on	   dishes	   with	   solid	   LB	   (Luria	   Broth	   Base)	   medium	   and	   ampicillin	   (AMP).	   The	  plates	  were	  incubated	  overnight	  at	  37°C.	  	  
II-­‐10-­‐	  SELECTION	  OF	  COLONIES	  Following	   overnight	   incubation,	   single	   bactéria	   colonies	   were	   selected	   and	  transferred	   to	   a	  master	   LB-­‐AMP	  plate	   as	  well	   as	   used	   to	   inoculate	   5	  ml	   of	   LB	  AMP	  as	   a	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starter	  for	  mini	  preps.	  The	  starter	  was	  incubated	  for	  16	  h	  at	  37°C	  with	  vigorous	  shaking.	  After	  growth,	  plasmid	  DNA	  was	  isolated	  using	  QIAprep	  ®	  Spin	  Miniprep	  Kit	  (Qiagen).	  	  
II-­‐11-­‐EXTRACTION	  OF	  DNA	  
II-­‐11.1-­‐	  EXTRACTION	  OF	  PLASMID	  DNA	  BY	  MINI	  PREP	  To	   extract	   plasmid	   DNA	   the	   QIAprep	   ®	   Spin	   Miniprep	   Kit	   (Qiagen)	   was	   used	  according	   to	   the	   manufacturer’s	   instructions.	   Briefly,	   5	   ml	   of	   bacteria	   culture	   were	  cultured	   overnight	   at	   37°C.	   The	   following	   day,	   the	   starter	   was	   centrifuged	   at	   room	  temperature	  for	  3min	  at	  8000	  rpm.	  The	  pellet	  was	  resuspended	  in	  250μl	  of	  Buffer	  P1	  and	  transferred	   into	   a	   microcentrifuge	   tube.	   250μl	   of	   Buffer	   P2	   was	   added	   and	   mixed	   by	  inverting	   the	   tube	   6	   times.	   350μl	   of	   Buffer	   N3	   was	   added	   and	   mixed	   immediately	   by	  inverting	   the	   tube	  6	   times	  and	  centrifugated	   for	  10	  min,	  at	  13000	  rpm.	  The	  supernatant	  was	  applied	  into	  a	  QIAprep	  spin	  column	  by	  pipetting.	  The	  pellet	  was	  centrifuged	  for	  1	  min	  and	   the	   flow-­‐through	   was	   discard.	   The	   column	   was	   washed	   twice	   by	   adding	   500μl	   of	  Buffer	   PB,	   followed	   by	   750μl	   of	   Buffer	   PE.	   The	   flow-­‐	   through	   was	   discarded	   and	   an	  additional	  centrifugation	  was	  carried	  out	  at	  full	  speed	  for	  1	  min.	  The	  column	  was	  placed	  in	  a	   new	   centrifuge	   tube	   and	   50μl	   of	  water	  were	   added	   to	   the	   center	   of	   the	  QIAprep	   spin	  column;	   the	   tube	  was	   incubated	   at	   room	   temperature	   for	   1	  min	   following	  which	   it	  was	  centrifuged	  1	  min.	  	  
II-­‐11.2-­‐EXTRACTION	  OF	  PLASMID	  DNA	  BY	  MIDI	  PREP	  To	   extract	   large	   volumes	   of	   a	   plasmid	   the	  NucleoBond	   Xtra	  Midi	   kit	   (Macherey-­‐Nagel)	  was	  used.	  100	  ml	  of	  bacteria	  was	  cultured	  overnight	  at	  37C.	  The	  following	  day,	  the	  culture	  was	   centrifuged	   for	  10	  min	  at	  4500	   rpm.	  The	  pellet	  was	   resuspended	   in	  8	  ml	  of	  resuspension	  buffer	  +	  Rnase	  A.	  8	  ml	  of	  Lysis	  Buffer	  was	  added	  and	  the	  tube	  was	  inverted	  gently	  5	  times	  and	  incubated	  5	  min	  at	  room	  temperature.	  12	  ml	  of	  equilibration	  buffer	  was	  applied	  to	  the	  columns.	  8ml	  of	  neutralization	  buffer	  was	  added	  to	  the	  suspension	  and	  the	  tubes	  were	  inverted	  10-­‐15	  times.	  The	  lysate	  was	  cleared	  and	  loaded	  onto	  the	  column	  and	  then	  the	  column	  was	  washed	  with	  5ml	  of	  Equilibration	  Buffer.	  The	  column	  was	  discarded	  and	  the	  membrane	  washed	  with	  8ml	  of	  wash	  buffer.	  After	  this	  the	  plasmid	  DNA	  was	  eluted	  with	  5	  ml	  of	  elution	  buffer.	  3.5ml	  of	   isopropanol	  was	  added	  to	   the	  eluted	  DNA,	  vortexed	  and	  incubated	  2	  min	  at	  room	  temperature.	  The	  solution	  was	  loaded	  into	  a	  20	  ml	  syringe	  that	  was	   attached	   to	   a	  NucleoBond	   Finalizer	   and	   the	   plunger	  was	   inserted	   and	   pressed	  with	   a	   constant	   force	   until	   the	   liquid	   had	   passed	   all	   the	   NucleoBond	   Finalizer.	   It	   was	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washed	  with	  2	  ml	  of	  70%	  ethanol	  and	  dried	  3	   times	  by	  pushing	  air	   into	   the	  syringe	  and	  pressing	   it	   under	   the	   NucleoBond	   Finalizer.	   The	   DNA	   was	   eluted	   by	   adding	   200μl	   of	  distilled	  water	   to	  a	  new	  syringe	  connected	  to	   the	  NucleoBond	  Finalizer	  and	  pressing	  the	  plunger	  over	  it.	  	  
II-­‐11.3-­‐	  EXTRACTION	  OF	  GENOMIC	  DNA	  Cell	  pellets	  were	  resuspended	  in	  200	  μl	  of	  lysis	  buffer	  (50	  mM	  Tris	  (pH=	  7.5),	  100	  mM	   NaCl,	   5mM	   EDTA	   (pH=8),	   and	   0.5%	   of	   SDS)	   supplemented	   with	   proteinase	   K	  (1mg/ml)	  (Roche)	  and	  incubated	  at	  60°C	  overnight.	  An	  equal	  amount	  of	  isopropanol	  was	  added	  to	  the	  Lysis	  buffer	  and	  mixed.	  Following	  a	  10	  min	  incubation	  at	  room	  temperature	  the	  DNA	  was	  centrifuged	  at	  13000rpm,	  for	  30	  min	  at	  4°C.	  The	  supernatant	  was	  discarded	  by	   decanting	   and	   1ml	   of	   70%	   EtOH	  was	   added.	   Centrifugation	  was	   performed	   again	   at	  13000rpm,	  for	  30	  min	  at	  4°C.	  The	  supernatant	  was	  discarded	  and	  the	  pellet	  resuspended	  in	  TE	  (1%	  Tris	  (pH=8);	  1mM	  EDTA)	  for	  1h	  at	  60°C.	  	  
II-­‐12-­‐	  MEASURING	  CONCENTRATION	  In	   order	   to	   measure	   the	   DNA	   concentration	   the	   Nanodrop	   2000C	  Spectrophotometer	  (Thermo	  Scientific)	  was	  used.	  Distilled	  water	  was	  used	  as	  a	  blank.	  	  
II-­‐13-­‐	  CRISPR	  CLONING	  The	   protocol	   used	   is	   described	   in	   Yang	   et	   al.	   (Yang	   et	   al.,	   2013).	   A	   guanine	   (G)	  was	  added	   to	   the	   5’	   site	   of	   CRISPR	   sequences	   that	   did	   not	   start	   with	   a	   G	   as	   the U6	   RNA	  polymerase	  III	  promoter	  used	  to	  transcribe	  the	  sgRNA	  prefers	  a	  G	  nucleotide	  as	  the	  first	  base	  of	   its	   transcript	   (Guschin	  et	   al.,	   2010).	  A	  pair	  of	  oligos	   specific	   to	   the	   targeting	   site	  were	  phosphorylated	  and	  annealed	  using	  the	  following	  reaction:	  6.5	  μl	  of	  distilled	  water,	  1	  μl	  of	  10	  xT4	  Ligation	  Buffer	  (New	  England	  Biolabs;	  contains	  ATP),	  1	  μl	  of	  forward	  primer	  (100	   μM),	   1	   μl	   of	   reverse	   primer	   (100	   μM)	   and	   0.5	   μl	   T4	   polynucleotide	   kinase	  (10000U/ml)	  (New	  England	  Biolabs).	  The	  reaction	  was	  first	  incubated	  at	  37°C	  for	  30	  min	  for	   the	   phosphorylation,	   and	   then	   transferred	   to	   95°C	   for	   5min	   for	   the	   annealing	   step.	  After	  a	  slow	  cooling	  the	  annealed	  oligos	  were	  ligated	  to	  a	  linearized	  plasmid.	  The	  plasmid	  we	  used	  was	  the	  px330	  (Figure	  18),	  which	  was	  digested	  with	  BbsI	  (New	  England	  Biolabs).	  Following	   digestion,	   the	   plasmid	   was	   treated	   with	   antartic	   phosphatase	   (New	   England	  Biolabs),	  run	  in	  a	  1%	  gel	  and	  the	  fragment	  was	  isolated	  using	  the	  Wizard	  SV	  Gel	  and	  PCR	  Clean-­‐Up	  system	  (Promega).	  The	  plasmid	  concentration	  was	  measured.	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Figure	  18	  –	   Schematic	   representation	  of	  pX333	  plasmid	  with	  BbsI	   restriction	   sites	  and	  U6	  
promoter.	  The	  guide	  sequence	  that	  can	  be	  insert	  in	  BbsI	  sites	  is	  highlighted	  in	  blue.	  
	  	   The	  annealed	  oligo	  and	  digested	  plasmid	  were	  ligated	  following	  which	  the	  product	  was	   treated	  with	  plasmid	  safe	  ATP-­‐Dependent	  Dnase	  (Cambio)	   to	  remove	  the	  un-­‐ligated	  DNA	  for	  30	  min	  at	  37°C.	  After	  this	  step	  transformation	  and	  DNA	  extraction	  was	  carried	  out	  as	  previously	  described.	  To	  verify	  if	  the	  insert	  was	  cloned	  appropriately	  the	  plasmid	  was	  sequenced	  using	  the	  LKO-­‐1	  foward	  primer	  (5’	  GACTATCATATGCTTACCGT	  3’).	  
	  
II-­‐14-­‐	  SOUTHERN	  BLOT	  
II-­‐14.1-­‐DNA	  DIGESTION	  AND	  GEL	  RUNNING	  	  	   Genomic	   DNA	   (gDNA)	   was	   isolated	   as	   described	   above.	   10-­‐15μg	   of	   gDNA	   was	  digested	  with	   XmaI	   (New	   England	   Biolabs)	   or	   EcoRI	   (New	   England	   Biolabs)	   restriction	  enzyme.	  The	  digested	  DNA	  was	  separated	  on	  a	  0.8%	  agarose	  gel	  at	  55-­‐65	  mA	  for	  4	  hours.	  The	  gel	  was	  depurinated	  with	  depurination	  solution	  (0.4%	  HCl)	   for	  10	  min,	  denaturated	  with	   denaturation	   solution	   (1.5M	   NaCl;	   0.5M	   NaOH)	   for	   30	   min	   and	   neutralized	   with	  neutralization	  solution	  (1.5M	  NaCL;	  0.5M	  Trisma	  base)	  for	  30	  min,	  all	  under	  rotation.	  	  
II-­‐14.2-­‐TRANSFER	  TO	  THE	  MEMBRANE	  A	  gel	  former	  was	  inverted	  and	  placed	  onto	  a	  recipient	  membrane.	  Two	  large	  pieces	  of	  paper	  (twice	  the	  length	  of	  the	  gel)	  were	  	  placed	  on	  the	  top	  of	  the	  gel	  former	  and	  shaped	  to	   the	   gel	   former.	   They	   were	   wetted	   with	   20xSSC	   and	   bubbles	   were	   removed.	   A	   small	  paper	  (size	  of	   the	  gel)	  was	  placed	  on	  top	  of	   the	  others,	  wetted	  with	  20xSSC	  and	  bubbles	  were	  removed.	  The	  gel	  was	  placed	  on	  the	  top	  of	  the	  paper,	  facing	  down,	  and	  wetted	  with	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20xSSC	   and	   bubbles	   were	   removed.	   A	   positive	   nitrocellulose	   membrane	   (Amersham	  Pharmacia	   Biotech),	   the	   same	   size	   as	   the	   gel,	   was	   placed	   on	   the	   top	   of	   the	   gel.	   3	   small	  papers	  were	  place	  on	  top	  of	  the	  membrane,	  wet	  with	  20xSSC	  and	  the	  bubbles	  were	  rolled	  out.	   10-­‐12	   small	   dry	   papers	  were	   placed	   on	   the	   top	   of	   the	   others	   and	   large	   number	   of	  paper	  towels	  were	  placed	  on	  top.	  On	  the	  top	  of	  the	  papers	  towels,	  a	  flask	  with	  around	  80	  ml	   of	  water	  was	   placed	   (to	   act	   as	   a	  weight).	   The	   transfer	   occurred	   during	   an	   overnight	  incubation.	  	  
II-­‐14.3-­‐AMPLIFYING	  AND	  LABELING	  THE	  PROBES	  As	   mention	   above,	   Southern	   blot	   probes	   were	   amplified	   through	   phusion	   high	  fidelity	  PCR.	  They	  were	  cloned	   into	  pJet	  vector	  (50	  ng,	  Thermo	  Scientific)	  using	  50	  ng	  of	  PCR	   fragment,	   5U	   of	   T4	   ligase	   (Thermo	   Scientific),	   and	   2x	   Reaction	   Buffer	   (Thermo	  Scientific).	   The	   ligated	   probes	   were	   transformed	   into	   α-­‐	   select	   chemically	   competent	  bacteria	  (Bioline).	  The	  clones	  were	  picked	  and	  sent	  for	  sequencing	  with	  pJET	  1.2	  F	  primer	  (5’-­‐CGACTCACTATAGGGAGAGCGGC-­‐3’).	   The	   probes	   were	   amplified	   again	   using	   high	  fidelity	  PCR	   this	   time	   the	   template	  being	   the	   sequenced	  plasmids	   and	   the	   fragment	  was	  isolated	  using	  the	  Wizard	  SV	  Gel	  and	  PCR	  Clean-­‐Up	  system	  (Promega).	  Following	  that,	  the	  probes	   were	   label	   using	   25	   ng	   of	   denaturated	   probe,	   10μM	   of	   dATP,	   dGTP	   and	   dTTP	  (Invitrogen),	   40U	   of	   Kleno	   (Invitrogen)	   and	   2.5X	   Radom	   primer	   solution	   (Invitrogen).	  Next,	  3μl	  of	  32P	  dCTTP	  was	  added	  and	  it	  was	  incubated	  30	  min	  at	  37°C.	  The	  probes	  were	  cleaned	   using	  Microspin	   G-­‐50	   columns	   (GE	   Health	   care)	   according	   to	   the	  manufactures	  instructions.	  Briefly,	  the	  columns	  were	  spun	  for	  1	  min	  at	  2000rpm,	  and	  transferred	  into	  an	  eppendorf	   tube.	   The	   probes	  were	   added	   to	   the	   column	   and	   spin	   for	   2	  min	   at	   2000rpm.	  After	  these	  the	  probes	  were	  denaturated	  at	  95°C	  for	  5	  min.	  	  
II-­‐14.4-­‐	  MEMBRANE	  LABELING	  The	  membrane	  was	  incubated	  with	  hybridization	  solution	  (Takara)	  for	  30	  min	  at	  65°C.	   The	   probes	   were	   added	   to	   the	   membrane	   and	   hybridization	   solution	   and	   were	  incubated	  at	  65°C	  overnight.	  	  	  
II-­‐14.5-­‐	  MEMBRANE	  WASHING	  The	  following	  day,	  the	  membrane	  was	  washed	  twice	  using	  low	  stringency	  solution	  (2xSSC;	  0.1%	  SDS)	  for	  15	  min	  at	  65°C	  and	  then	  washed	  twice	  with	  high	  stringency	  solution	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(0.2xSSC;	  0.1%	  SDS)	  for	  15	  min	  each	  time	  at	  65°C.	  The	  membrane	  was	  exposed	  with	  X-­‐ray	  film	  (Photon	  imaging	  systems)	  overnight	  or	  longer	  as	  appropriate.	  	  	  
II-­‐15-­‐IMMUNOSTAINING	  	  
II-­‐15.1-­‐IMMUNOSTAINING	  USING	  CLARITY	  	   In	  the	  cases	  indicated,	  brain	  sections	  were	  incubated	  with	  different	  concentrations	  of	  proteinase	  K	  (0.1-­‐15mg/ml)	  for	  5	  min	  at	  room	  temperature.	  After	  this	  the	  sections	  were	  washed	  5	  times	  with	  PBS+0.1%	  triton	  X-­‐100.	  
	   Brain	   sections	   were	   incubated	   at	   37°C	   for	   2	   days	   with	   primary	   antibodies	   (see	  table	  II)	  diluted	  in	  1M	  sodium	  borate	  buffer	  solution,	  pH8,5,	  0.1%	  Triton	  X-­‐100	  (1M	  BT).	  Samples	  were	  then	  washed	  at	  37	  °C	   for	  1	  day	   in	  1M	  BT.	  Secondary	  antibodies	  (see	  table	  III)	  were	  diluted	  in	  1M	  BT	  and	  incubated	  on	  brain	  sections	  for	  1	  day	  at	  37°C.	  After	  washing	  samples	  at	  37	  °C	  for	  1	  day	  in	  1M	  BT,	  DAPI	  solution	  (1:15000	  PBS	  DAPI)	  was	  incubated	  for	  2	  days	  at	  37°C	  and	  sections	  were	  washed	  again	  at	  37	  °C	  for	  1	  day	  in	  1M	  BT.	  For	   staining	   the	   whole	   brain,	   primary	   antibodies	   were	   diluted	   in	   0.5M	   sodium	  borate	  buffer	  solution,	  pH	  8.5,	  0.1%	  Triton	  X-­‐100	  (0.5M	  BT),	  at	  37°C	  for	  2	  weeks,	  following	  wash	   at	   37	   °C	   for	   1	   week	   in	   0.5M	   BT.	   Secondary	   antibodies	   diluted	   in	   0.5M	   BT	   were	  incubated	  with	  the	  brains	  for	  2	  weeks	  at	  37°C.	  Finally,	  after	  washing	  the	  brains	  for	  1	  week	  at	  37	  °C	  in	  0.5M	  BT,	  DAPI	  solution	  (1:15000)	  was	  added	  to	  the	  brain	  and	  incubated	  for	  two	  days.	  	   Samples	   were	   then	   clarified	   in	   FocusClear	   (CelExplorer	   Labs)	   for	   2	   days.	   The	  samples	  were	  mounted	  using	  a	  clean	  glass	  slide	  placed	  on	  dust-­‐free	  surface.	  A	  small	  piece	  of	  BluTack	  was	  taken	  and	  used	  to	  prepare	  constant	  diameter	  worm-­‐shapes.	  The	  diameter	  of	  the	  BluTack	  was	  around	  1.5X	  thickness	  of	  the	  sample.	  The	  BluTack	  worm-­‐shapes	  were	  placed	   in	   the	   slide	   leaving	   a	   space	   between	   them	   to	   place	   the	   sample.	   The	   sample	  was	  placed	  in	  the	  middle	  of	  the	  BluTack	  and	  FocusClear	  (CelExplorer	  Labs)	  was	  added	  to	  the	  top	  of	  the	  sample.	  A	  Willco	  dish	  (Ted	  Pella	  Inc)	  (with	  the	  lipped	  side	  facing	  up)	  was	  placed	  on	   the	   top	   of	   the	   BluTack	   avoiding	   bubbles.	   The	   chamber	   was	   completely	   filled	   with	  FocusClear	  (CelExplorer	  Labs)	  before	  imaging.	  	  
II-­‐15.2-­‐	  IMMUNOSTAINING	  USING	  SEEDB	  	  Sections	  cleared	  with	  SeeDB	  were	  serially	  incubated	  in	  80%,	  60%,	  40%	  and	  20%	  fructose,	  each	  for	  8	  h,	  and	  then	  in	  PBS	  overnight.	  Sections	  were	  washed	  thrice	  in	  PBS	  for	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10	  min	   each,	   and	   then	   blocking	   solution	  was	   added	   (PBS,	   0.1%tritonX-­‐100	   and	   10%	   of	  donkey	   serum	   (sigma))	   for	   1h.	   CLARITY	   immunostaining	   protocol	   described	   above	  was	  used.	  After	   the	   final	  wash,	  sections	  were	  serially	   incubated	   in	   fructose	  solution	  and	  then	  cleared	  in	  SeeDB.	  In	  order	  to	  mount	  the	  section,	  silicone	  rubber	  was	  cut	  and	  hollowed	  out	  in	  order	  to	  generate	  a	  space	  to	  accommodate	  the	  sample.	  It	  was	  adhered	  onto	  a	  slide	  to	  set	  up	  the	  base	  of	  imaging	  chamber.	  The	  sample	  was	  placed	  in	  the	  middle	  and	  a	  coverslip	  was	  put	  on	  top.	  The	  silicone	  chamber	  was	  filled	  with	  SeeDB	  prior	  to	  imaging.	  	  
II-­‐15.3-­‐	  IMMUNOCYTOCHEMISTRY	  	  Progenitors	   attached	   on	   matrigel-­‐coated	   coverslips	   were	   fixed	   with	   PFA	   4%	   20	  min	   on	   ice,	   and	   then	  washed	   thrice	  with	   PBS,	   5	  min	   each.	   Blocking	   solution	   (PBS,	   0.1%	  Triton	  X-­‐100,	  10%	  normal	  goat	  serum	  (sigma))	  was	  added	  to	  cells	  and	  incubated	  at	  room	  temperature	   for	   30	  min.	   Cells	  were	   incubated	   overnight	   at	   4C	  with	   a	   primary	   antibody	  against	  phosphohistone	  H3	  (see	  table	  II).	  After	  three	  washes	  in	  PBS,	  0.1%	  Triton	  X-­‐100	  for	  5-­‐10	  min	   each	   at	   room	   temperature,	   cells	   were	   incubated	   at	   room	   temperature	   with	   a	  secondary	  antibody	  diluted	  in	  DAPI	  solution	  (see	  table	  III).	  Coverslips	  were	  finally	  washed	  thrice	   in	   PBS,	   0.1%	   Triton	   X-­‐100	   prior	   to	   being	   mounted	   on	   slides	   in	   aquapolymount	  (polysciences)	  and	  imaged.	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Primary	  antibody	  
Protein	   Host	   Dilution	   From	  BTC	   Goat	   1/100,	  1/50,	  1/25,	  or	  1/10	   Santa	  Cruz	  CD	  31	   Rat	   1/50	   BD	  Bioscience	  NeuN	   Mouse	   1/100	  or	  1/50	   Millipore	  Sox3	   Goat	   1/100	   R&D	  systems	  MAG	   Rabbit	   1/100	   NEB	  GFAP	   Rabbit	   1/1000	  or	  1/100	   Sigma	  CNPase	   Mouse	   1/100	   Chemicon	  Phosphohistone	  3	   Mouse	   1/100	   Abcam	  
Table	  II-­‐	  Primary	  antibodies	  used	  in	  this	  study.	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Secondary	  antibody	  
Host	   Dye	   Dilution	  Goat	  α	  mouse	   Alexa	  Fluor®	  488	   1/200	  Donkey	  α	  rabbit	   Alexa	  Fluor®	  488	   1/200	  ,	  1/100	  or	  1/50	  Donkey	  α	  goat	   Alexa	  Fluor®	  488	   1/200	  	  Goat	  α	  rabbit	   Alexa	  Fluor®	  488	   1/200	  Donkey	  α	  rat	   Alexa	  Fluor®	  488	   1/50	  Donkey	  α	  goat	   Alexa	  Fluor®	  568	   1/200	  or	  1/50	  Goat	  α	  mouse	   Alexa	  Fluor®	  568	   1/500	  Goat	  α	  rat	   Alexa	  Fluor®	  555	   1/100	  Donkey	  α	  goat	   Alexa	  Fluor®	  555	   1/100	  Goat	  α	  mouse	   Alexa	  Fluor®	  555	   1/100	  Donkey	  α	  mouse	   Alexa	  Fluor®	  647	   1/50	  
Table	  III-­‐	  Secondary	  antibodies	  (Life	  Technologies)	  used	  in	  this	  study.	  	  	  
II-­‐16-­‐	  IMAGE	  ACQUISITION	  AND	  PROCESSING	  
Inverted	   Microscopy:	   Pictures	   of	   neurospheres	   were	   acquired	   using	   an	   inverted	  fluorescent	   microscope	   (Leica,	   DMIL)	   and	   the	   LAS	   AF	   software	   (Leica,	   Germany).	  
Fluorescent	  imaging:	  Fluorescent	   images	  were	  acquired	  using	  a	  SPE	  confocal	  microscope	  (Leica,	  DM2500)	  and	  LAS	  AF	  software	  (Leica,).	  The	  coverslips	  images	  were	  processed	  and	  quantified	  using	  Image	  J.	  Image	  J	  was	  also	  used	  to	  measure	  the	  diameter	  of	  neurospheres	  in	   pixeis.	   Brain	   section	   images	  were	   processed	  when	   necessary	   using	   Volocity	   software	  and/or	  Adobe	  Photoshop	  CS4.	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III-­‐1-­‐	  NEUROSPHERES	  
III-­‐1.1-­‐	  NEUROSPHERE	  GROWTH	  A	   recent	   study	   demonstrated	   that	   BTC	   promotes	   neural	   stem	   cell	   proliferation	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  Gomez-­‐Gaviro	  et	  al.,	   showed	   that	  BTC,	  either	  by	  itself	  or	  in	  combination	  with	  FGF	  or	  with	  EGF	  and	  FGF,	  promotes	  the	  number	  of	  neural	  stem	   cells	   in	   vitro	   using	   the	   neurospheres	   assay.	  We	   performed	   similar	   experiment	   by	  counting	  the	  number	  of	  neurospheres	  in	  different	  culture	  condition	  (figure	  19).	  	  We	  could	  not	  observe	  any	  statistically	  significant	  difference	  between	  all	  the	  conditions.	  	  
	  
Figure	  19-­‐	  Number	  of	  neurospheres	  per	  cm2	  in	  medium	  supplemented	  with	  different	  growth	  
factors.	  N=3.	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(figure	  21).	  While	  neurospheres	  from	  media	  supplemented	  with	  either	  BTC,	  EGF	  or	  BTC+	  EGF	   displayed	   a	   similar	   distribution	   (Figure	   21	  B,	   C	   and	  D)	  with	   a	   tendency	   of	   forming	  small	   spheres	   (range	  of	  0.1-­‐0.3	  pixels),	  more	  bigger	  neurospheres	  were	  generated	  when	  the	  media	  was	  supplemented	  with	  FGF+EGF	  (Figure	  9	  A-­‐	  range	  0.1-­‐0.6	  pixels).	  
	  
	  
Figure	   20	   –	   Graph	   representing	   the	   volume	   of	   neurospheres	   (pixels3)	   in	   medium	  
supplemented	  with	  BTC+EGF,	  BTC,	  EGF	  and	  FGF+EGF.	  Note	  that	  in	  the	  presence	  of	  FGF+EGF	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Figure	   21-­‐	   Graphs	   representing	   the	   distribution	   of	   neurospheres	   of	   a	   certain	   diameter	  
measured	   in	   pixels	   grown	   in	   presence	   of	   FGF+EGF	   (A),	   BTC	   alone	   (B),	   EGF	   alone	   (C)	   or	  
BTC+EGF	  (D).	  Note	  that	  BTC,	  EGF	  or	  BTC+EGF	  condition	  generates	  small	  neurospheres.	  N=3.	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III-­‐1.2-­‐	  NEURAL	  STEM	  CELL	  PROLIFERATION	  IS	  BLOCKED	  BY	  SIGNALLING	  PATHWAY	  
INHIBITORS.	  BTC	  binds	  to	  EGF	  receptors	  present	  on	  neural	  stem/progenitor	  cells	  and	  therefore	  could	   activate	   downstream	   signaling	   pathways	   such	   as	   Akt/PI3K	   or	   MEK/Erk	   	   (	   a	   J.	  Dunbar	  &	  Goddard,	  2000;	  María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  To	  study	  the	  relative	  importance	  of	  Akt/PI3k	  and	  MEK/Erk	  signalling	  in	  the	  case	  of	  neural	  stem	  cells	  grown	  in	  presence	  of	  BTC	  and/or	  EGF,	  neural	  stem/	  progenitor	  cells	  were	  plated	  on	  Matrigel	  coated	  coverslips	  in	  medium	  supplemented	  with	  different	  growth	  factors	  alone	  or	  in	  combination	  (i.e.	  BTC,	  EGF,	  BTC+EGF	  or	  FGF+EGF).	  Once	  the	  cells	  have	  expanded	  the	  cells	  were	  given	  an	   inhibitor	   of	   PI3K	   (LY4002),	   and	   an	   inhibitor	   of	  MEK1	   (PD98059),	   either	   alone	   or	   in	  combination.	  DMSO	  was	   applied	   as	   control.	   After	   one	  week	   of	   treatment,	   the	   cells	  were	  immunostained	  for	  phosphohistone	  H3	  (PHH3	  or	  H3P),	  a	  marker	  for	  mitotic	  phase	  of	  the	  cell	  cycle	  (Hendzel	  et	  al.,	  1997;	  Y.	  Wei,	  Yu,	  Bowen,	  Gorovsky,	  &	  Allis,	  1999).	  A	  change	  in	  the	  proportion	  of	  PHH3	  positive	  cells	   in	  a	  population	  is	  usually	  taken	  to	  indicate	  a	  change	  in	  the	  cell	   cycle	  with	  more	  positive	  cells	   indicating	  an	   increase	  of	   cycling	  cells.	  However,	   it	  has	  also	  been	  reported	  that	  PHH3	  also	  labels	  cells	  in	  G2/M	  transition	  and	  that	  a	  cell	  cycle	  block	  at	  a	  G2/M	  transition	  could	  also	  result	  in	  an	  increased	  number	  of	  PHH3	  positive	  cells.	  In	   this	   study,	   we	   saw	   an	   increase	   of	   PHH3	   staining	   when	   neural	   stem/progenitor	   cells	  were	   treated	   with	   both	   inhibitors,	   in	   all	   culture	   conditions	   (Figure	   22).	   However,	  statistically	   significant	   differences	   were	   noticed	   only	   for	   media	   supplemented	   with	  BTC+EGF.	   In	   all	   culture	   conditions,	   when	   a	   single	   inhibitor	   was	   added,	   no	   statistically	  significant	  difference	  in	  PHH3	  positive	  cells	  was	  found	  compared	  to	  DMSO	  control.	  Previous	  studies	  have	  demonstrated	  the	  importance	  of	  Akt	  and	  MEK	  pathways	  in	  cell	  cycle	  and	  cell	  survival	  (Saito	  et	  al.,	  2004;	  Shin	  et	  al.,	  2003a).	  In	  this	  study,	  the	  increase	  in	  number	  of	   PHH3	  positive	   cells	   is	  most	   likely	  due	   to	   a	   block	  of	   cell	   cycle	   at	   the	  G2/M	  transition.	  Close	  analysis	  of	  PHH3	  positive	  cells	  would	  discriminate	  between	  increase	  cell	  cycle	  and	  cell	  cycle	  block,	  as	  cells	  in	  G2/M	  transition	  display	  a	  punctated	  staining	  compare	  to	  cells	  in	  M	  phase.	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Figure	  22-­‐	  Bar	  chart	  representing	  the	  percentage	  of	  progenitors	  positive	  for	  phosphohistone	  
3	   in	   medium	   supplemented	   with	   FGF+EGF,	   BTC,	   BTC+EGF	   or	   EGF,	   and	   containing	   Akt	  
pathway	   inhibitor	   (LY),	  MEK	  pathway	   inhibitor	   (PD).	  DMSO	   is	  used	  as	   control.	  Note,	  more	  
phosphohistone	   3	   positive	   cells	   were	   found	  when	   both	   signalling	   pathways	   are	   inhibited.	  
**P≤0.01.	  N=4.	  
	  
III-­‐2-­‐DEEP	  TISSUE	  VISUALIZATION	  	  Visualization	   of	   proteins	   in	   whole	   tissues	   has	   proven	   difficult.	   However,	   new	  techniques	  have	  been	  recently	  developed	  allowing	  deep	  tissue	  visualisation	  without	  tissue	  distortion	  (Chung	  et	  al.,	  2013;	  Ke	  et	  al.,	  2013).	  In	  this	  study,	  we	  have	  used	  and	  compared	  two	   techniques,	   SeeDB	  and	  CLARITY	   (Clear	   Lipid-­‐exchange	  Acrylamide-­‐hybridized	  Rigid	  Imaging/immunostaining	   compatible	   Tissue	   hYdrogel))	   for	   visualization	   of	   betacellulin	  (BTC)	   in	   the	  whole	   brain.	   Indeed,	   BTC	   has	   been	   recently	   reported	   that	   it	   is,	   within	   the	  brain,	   in	   endothelial	   cells	   and	   the	   choroid	   plexus	   (María	   Victoria	   Gómez-­‐Gaviro	   et	   al.,	  2012).	  However,	   3-­‐D	   visualization	   of	  BTC	   expression	  will	   allow	  us	   to	   better	   understand	  the	  relationship	  between	  BTC	  and	  NSCs,	  and	  to	  explore	  any	  differences	  between	  the	  stem	  cell	  niches	  and	  elswhere	  in	  the	  brain.	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morphological	   changes	   of	   the	   sample	  were	   observed	   in	   contrast	  with	   other	   clarification	  methods	  (Chung	  et	  al.,	  2013).	  Adult	  brain	  sections	  were	  stained	  using	  either	  CD31	  (cluster	  of	   differentiation	   31)(1/50),	  which	   stains	   vasculature	   endothelial	   cells,	   or	   BTC	   (1/100).	  Blood	   vessels	   labelled	  with	  CD31	   could	  be	   visualized	   clearly	   in	   the	  dentate	   gyrus	   of	   the	  hippocampus	  (DG-­‐Figure	  23A).	  At	  SEZ	  level,	  CD31	  staining	  was	  close	  to	  the	  subependymal	  zone	   as	   it	   was	   expected	   (Figure	   23B).	   For	   BTC	   staining,	   we	   observed	   that	   BTC	   lied	  preferentially	   in	   Choroid	   plexus	   (CP)	   and	   in	   the	   subependymal	   zone	   (Figure	   24)	   in	  accordance	  with	  Gomez-­‐Gaviro	  et	  al.	   (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  We	  also	  noticed	  that	  BTC	  staining	  was	  weaker	  when	  compared	  with	  CD31	  staining.	  Furthermore,	  BTC	  should	  have	  a	  similar	  pattern	  to	  CD31	  as	  it	  is	  expressed	  by	  endothelial	  cells.	  However,	  we	   observed	   some	  nuclear	   staining	   (Figure	   24	   arrows).	   Further	   investigation	   should	   be	  performed	   to	   determine	  whether	   BTC	   staining	   seen	   is	   correct	   or	   is	   due	   to	   non-­‐specific	  background.	   For	  both	   stainings,	   auto-­‐fluorescence	   and	  high	  backgrounds	  were	  observed	  (Figure	  25).	  One	  way	  to	  test	  this	  for	  BTC	  would	  be	  to	  repeat	  the	  methods	  with	  a	  Btc	  null	  mutant	  mouse	  brain,	  which	  should	  lack	  staining.	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Figure	   23-­‐Two-­‐dimensional	   (left	   hand	   side)	   and	   three-­‐dimensional	   (right	   hand	   side)	   of	  
500μm	  thick	  brain	  section	  of	  wild-­‐type	  mice	  stained	  for	  CD31	  (red)	  at	  the	  dentate	  gyrus	  (DG)	  
level	  (A)	  and	  lateral	  ventricle	  (LV)	  level	  (B)	  of	  wild-­‐type	  mice.	  Note	  the	  vasculature	  in	  both	  
images.	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Figure	  24-­‐	  Three-­‐dimensional	  rendering	  of	  a	  500μm	  thick	  brain	  section	  of	  a	  wild-­‐type	  mouse	  
stained	  for	  BTC	  (red)	  and	  DAPI	  (blue)	  at	  the	  lateral	  ventricle	  level.	  Note	  that	  BTC	  seems	  to	  be	  
expressed	   in	   the	   lateral	   ventricle	   (LV)	   and	   Choroid	   plexus	   (CP)	   and	   also	   there	   is	   some	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Figure	  25-­‐	  Immunoflurescence	  rendering	  of	  500μm	  thick	  brain	  section	  of	  a	  wild-­‐type	  mouse	  
stained	   for	   BTC	   (red)	   and	   DAPI	   (blue)	   at	   the	   dentate	   gyrus	   (DG)	   level.	   Note	   the	   high	  
background.	  
	   SeeDB	   protocol	   did	   not	   transparise	   the	   brain	   completely.	   The	   tissue	  autofluorescence	   seen	  using	   this	  protocol	   is	  most	  probably	  due	   to	   the	  poor	  clarification.	  To	  improve	  clearing	  of	  the	  samples	  we	  then	  used	  the	  CLARITY	  protocol.	  	  
III-­‐2.2-­‐	  CLARITY	  PROTOCOL	  The	  newly	  developed	  CLARITY	  technique	  seems	  to	  allow	  visualisation	  deep	  within	  the	  tissue	  (Chung	  et	  al.,	  2013).	  As	  described	  by	  Chung	  et	  al.,	  we	  observed	  tissue	  expansion	  after	   the	   samples	   has	   been	   clarified	   in	   the	   ETC	   chamber.	   However	   samples	   returned	   to	  their	  original	   size	  when	   they	  were	   incubated	   in	   clearing	   solution.	   Some	  samples	  did	  not	  clarify	   fully	  when	   incubate	  with	  Focus	  Clear	  but	   the	  majority	  of	   them	  became	  uniformly	  transparent.	  When	   we	   tried	   to	   perform	   immunostaining	   on	   whole	   brains	   we	   noticed	   good	  staining	   with	   little	   background	   in	   superficial	   regions	   of	   the	   brain.	   However,	   greater	  background	   and	   weaker	   staining	   was	   noticed	   as	   we	   imaged	   deeper	   within	   the	   tissue	  (Figure	  26).	  	  	  
DG	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Figure	  26-­‐	  Three-­‐dimensional	  rendering	  of	  an	  entire	  brain	  of	  a	  wild-­‐type	  mouse	  stained	  for	  
GFAP	  (green).	  Note	  that	  there	  is	  less	  staining	  deeper	  into	  the	  tissue.	  	   To	   optimise	   antibody	   penetration	   and	   reduce	   the	   background,	   we	   performed	  CLARITY	   protocols	   on	   thick	   brain	   sections.	   We	   noticed	   that	   immunostaining	   seems	   to	  penetrate	   better.	   Indeed,	   BTC	   expression	   could	   be	   found	   in	   CP	   and	  LV	   (Figure	   27).	   BTC	  staining	  was	  similar	  to	  that	  of	  CD31.	  However,	  background	  was	  still	  high	  rendering	  deeper	  visualisation	  difficult.	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Figure	  27	  –Three-­‐dimensional	  rendering	  of	  1	  mm	  thick	  brain	  section	  stained	  for	  BTC	  (red)	  
and	  DAPI	  (blue).	  Note	  that	  BTC	  is	  expressed	  in	  the	  CP	  and	  in	  LV.	  
	  In	   order	   to	   reduce	   the	   high	   background	   and	   to	   further	   improve	   antibody	  penetration,	  we	   tested	  different	  antibody	  dilutions	  with	  or	  without	  different	  amounts	  of	  proteinase	  K	   (approach	   described	   in	   CLARITY	   forum).	   Three	   different	   dilutions	   for	   BTC	  primary	  antibody	   (1/10,	  1/25	  and	  1/50)	  were	   tested	   in	  cleared	  sections.	  We	   found	   that	  1/25	  dilution	  was	  the	  most	  optimal	  (figure	  28).	  1/10	  dilution	  gave	  more	  background	  and	  no-­‐specific	  staining	  and	  1/50	  dilution	  gave	  weaker	  staining	  (data	  not	  shown).	  
CP	   LV	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Figure	   28	   –	   Immunostaining	   on	   cleared	   section	   labelled	   with	   BTC	   at	   1/25	   dilution	   (red).	  
Note	  that	  bright	  dots	  are	  present	  and	  could	  be	  due	  to	  a	  mounting	  issue.	  
	  To	   enhance	   antibody	   penetration,	   we	   tried	   to	   digest	   the	   tissue	   prior	   to	   staining	  using	  proteinase	  K.	  Four	  different	  concentrations	  of	  proteinase	  K	  (0.1	  mg/ml,	  1	  mg/ml,	  10	  mg/ml	  and	  15	  mg/ml)	  were	   tested.	  So	   far,	  we	  did	  not	   find	  any	   improvement	  of	   staining	  using	   CD31,	   BTC,	   NeuN	   or	   GFAP	   antibodies	   (data	   not	   shown).	   Further	   testing	   using	  proteinase	  K	  could	  be	  performed	  varying	  the	  time	  and	  temperature	  of	  incubation.	  	  	  
III-­‐	  3.GENERATION	  OF	  BTC	  CONDITIONAL	  KO	  MICE	  
III-­‐3.1-­‐DESIGN	  AND	  CLONING	  The	  sequence	  of	  the	  mouse	  BTC	  gene	  and	  genomic	  locus	  (NM	  007568.5/	  ID	  12223)	  were	   taken	   from	   the	   NCBI	   (http://www.ncbi.nlm.nih.gov/gene/12223).	   In	   order	   to	  generate	  a	  BTC	  conditional	  mutatation	  in	  mice	  we	  decided	  to	  target	  exon	  3	  and	  exon	  4	  of	  the	  gene.	  This	  is	  because	  exon	  3	  comprises	  the	  first	  two	  disulphide	  loops	  of	  the	  EGF	  motif	  that	  are	  critical	  for	  receptor	  binding	  while	  exon	  4	  comprises	  the	  third	  loop	  of	  the	  EGF-­‐like	  motif	   and	   the	   transmembrane	   domain	   (Figure	   29)(	   a	   J.	   Dunbar	   &	   Goddard,	   2000).	  Accordingly,	   targeting	  these	  two	  exons	  should	  compromise	  the	  structure	  and	  function	  of	  the	  BTC	  protein,	  and	  is	  likely	  to	  constitute	  a	  functional	  null	  mutation.	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Figure	  29-­‐	  Schematic	  representation	  of	  BTC	  genomic	  locus	  and	  the	  intended	  location	  of	  loxP	  
sequences	   to	   create	   a	   conditional	   loss-­‐of-­‐function	   allele.	   Exons	   are	   represented	   by	   blue	  
squares	  with	  numbers	   and	   introns	   are	   represented	  with	  blue	   lines.	   The	   size	   of	   exons	   and	  
introns	   are	  depicted	   in	   the	   figure	   as	  well	   as	   5’UTR,	   3’UTR	   start	   and	   stop	   codon.	  The	   LoxP	  
sequences	  are	  represented	  by	  orange	  triangles	  with	  black	  arrows	  indicating	   indicating	   the	  
planned	  insertion	  sites.	  	   It	   was	   decided	   to	   use	   the	   novel	   CRISPR	   technology	   to	   generate	   the	   conditional	  mutation	  in	  ESC.	  Instead	  of	  constructing	  a	  targeting	  vector	  based	  on	  a	  genomic	  DNA	  clone	  containing	   the	   LoxP	   sites	   for	   conventional	   homologous	   recombination,	   we	   utilized	  previous	   reports	   demonstrating	   that	   LoxP	   sites	   (34	   bp-­‐long)	   can	   be	   inserted	   by	   using	  CRISPRs	  targeted	  to	   the	  desired	  genomic	  region	   in	  addition	  to	  an	  oligo	   that	  contains	   the	  LoxP	   sites	  with	   30-­‐90	   bp	   of	   “homology	   arms”	   spanning	   the	   LoxP	   sequence	   (Yang	   et	   al.,	  2013).	  At	  the	  time	  we	  initiated	  the	  design	  and	  the	  project,	  this	  approach	  had	  already	  been	  demonstrated	  successfully	  by	  using	  zygote	  injection,	  while	  no	  reports	  had	  been	  published	  using	   ESCs.	   Single-­‐stranded	   oligonucleotides	   had	   been	   used	   for	   the	   zygote	   injections,	  however,	  we	  wanted	   to	   explore	   the	   efficiency	   of	   using	   either	   single	   or	   double-­‐stranded	  oligonucleotides	  as	  a	  donor,	  as	  each	  of	   them	  will	   trigger	  a	  different	  mechanism	  of	  repair	  (Storici,	  Snipe,	  Chan,	  Gordenin,	  &	  Resnick,	  2006;	  Sung	  &	  Klein,	  2006).	  	  CRISPRs	   targeting	   intron	   2	   (G1	   int2,	   G2	   int2)	   and	   intron	   4	   (G1	   int4,	   G3	   int4)	   were	  designed	  using	  a	  bioinformatics	   tool	  (crispr.mit.edu)	  that	  detects	  all	   the	  potential	  gRNAs	  sequences	   that	   exist	   in	   the	   target	   sequence.	   This	   tool	   also	   ranks	   the	   various	   potential	  gRNAs	  according	  to	  the	  number	  of	  “off-­‐target	  effects”	  that	  each	  gRNA	  has	  and	  how	  many	  of	  those	  are	  in	  genes.	  We	  selected	  two	  CRISPRs	  with	  the	  best	  score	  for	  each	  intron	  (Table	  IV)	  (Figure	  30)	  (supplementary	  figures	  1).	  The	  reason	  we	  designed	  two	  CRISPRs	  for	  each	  site	  is	  that	  the	  efficiency	  of	  each	  CRISPR	  varies	  significantly	  and	  cannot	  be	  predicted	  based	  on	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sequence	  but	  rather	  experimentally.	  After	  cloning	  and	  transformation	  we	  picked	  3	  clones	  from	   each	   gRNA	   and	   sent	   them	   for	   sequencing.	   The	   sequencing	   results	   showed	   that	   all	  clones	   had	   the	   right	   sequence	   so	  we	   decided	   to	   continue	   to	  work	  with	   clone	   1	   from	   all	  gRNAs.  
 
 
Figure	   30-­‐	   Output	   of	   crispr.mit.edu	   website	   with	   different	   guide	   RNA	   and	   the	   matching	  
scores	  targeting	  intron	  2.	  	  














Zhang Lab, MIT 2013
About (/about) Contact (mailto:crispr.design@gmail.com)
guide #16 quality score: 57
guide sequence: TAATACATAGCAACTCTGTG GGG
on-target locus: chr5:-91795622
number of offtarget sites: 249 (13 are in genes)
show all exonic
sequence score mismatches
AAGTACATAACAACTCTGTGAGG 2.5    3MMs [1:3:10]    
ATACACATAGCAACTCTGTGGGG 2.4     3MMs [1:2:4]    
TAAATCATACCAACTCTGTGCAG 2.3    3MMs [4:5:10]    
TAATATGTAGCAACTCTGTGTAG 2.2      2MMs [6:7]     
CAATACAGAGAAACTCTGTGAGG 1.6    3MMs [1:8:11]    
TAACACATTTCAACTCTGTGCAG 1.4    3MMs [4:9:10]    
TATTGTATAGCAACTCTGTGTAG 1.4     3MMs [3:5:6]    
TAAAACAAAGCAACTCTGTCCAG 1.4    3MMs [4:8:20]    
TGAACCAGAGCAACTCTGTGGAG 1.4    4MMs [2:4:5:8]   
TAATCCATATAAACTCTGTGTAG 1.3    3MMs [5:10:11]   
TGTGACATACCAACTCTGTGTGG 1.3   4MMs [2:3:4:10]   
CAATACATATCAGCTCTGTGGGG 1.1    3MMs [1:10:13]   
GCAAACTTAGCAACTCTGTGAAG 0.9    4MMs [1:2:4:7]   
TAATTCATGGTAACTCTGTGAAG 0.9    3MMs [5:9:11]    
AAAGAAAAAGCAACTCTGTGCAG 0.8    4MMs [1:4:6:8]   
GGAAATATAGCAACTCTGTGCAG 0.8    4MMs [1:2:4:6]   
AAAAACAGAGAAACTCTGTGCAG 0.8   4MMs [1:4:8:11]   
AGATACACAGAAACTCTGTGGAG 0.8   4MMs [1:2:8:11]   
ATAAACATAGTAACTCTGTGTGG 0.8   4MMs [1:2:4:11]   
GAATACACGACAACTCTGTGTAG 0.8   4MMs [1:8:9:10]   
TATGAGACAGCAACTCTGTGAGG 0.8    4MMs [3:4:6:8]   
GACTCAATAGCAACTCTGTGAAG 0.8    4MMs [1:3:5:6]   
GACCACATAGGAACTCTGTGCAG 0.8   4MMs [1:3:4:11]   
TTATACAACCCAACTCTGTGGAG 0.8   4MMs [2:8:9:10]   
TTATACAATCCAACTCTGTGCAG 0.8   4MMs [2:8:9:10]   
TTCTACAGAGGAACTCTGTGAGG 0.8   4MMs [2:3:8:11]   
TGGTACATTCCAACTCTGTGAGG 0.8   4MMs [2:3:9:10]   
TACTTAATACCAACTCTGTGAAG 0.8   4MMs [3:5:6:10]   
GAAAACATACAAACTCTGTGGAG 0.7   4MMs [1:4:10:11]  
CAATACACAAGAACTCTGTGTGG 0.7   4MMs [1:8:10:11]  
TGATTCACAGCTACTCTGTGAGG 0.7   4MMs [2:5:8:12]   
AATTACACAGCAACTCTGTCAAG 0.7   4MMs [1:3:8:20]   
GATCACATAGCAACTCTGTTGGG 0.7   4MMs [1:3:4:20]   
TATTTCAAAGCCACTCTGTGTGG 0.7   4MMs [3:5:8:12]   
CCATACATACCGACTCTGTGAAG 0.7   4MMs [1:2:10:12]  
TAATACAAAACAACGCTGTGAGG 0.6    3MMs [8:10:15]   
AACTTCATAGCAACTCAGTGAAG 0.6   4MMs [1:3:5:17]   
GAACACCTTGCAACTCTGTGGAG 0.6    4MMs [1:4:7:9]   
TGAGGC TAGCAGCTCTGTGGAG 0.6   4MMs [2:4:5:13]   
TTATGCAAAGCATCTCTGTGAAG 0.6   4MMs [2:5:8:13]   
TTTTACACAGCATCTCTGTGTGG 0.6   4MMs [2:3:8:13]   
TGATAAGCAGCAACTCTGTGGAG 0.6    4MMs [2:6:7:8]   
TGATACAGATCAACTCAGTGTGG 0.6   4MMs [2:8:10:17]  
TAACTCACAGCACCTCTGTGAAG 0.6   4MMs [4:5:8:13]   
AAACCCATAGCAACTCTGAGGGG 0.5   4MMs [1:4:5:19]   
CATTACAGAGCAACTCTGAGGGG 0.5   4MMs [1:3:8:19]   
TTCTAAATGGCAACTCTGTGAAG 0.5    4MMs [2:3:6:9]   
AAAGACATTGGAACTCTGTGTAG 0.5   4MMs [1:4:9:11]   
AAAGAAATAGAAACTCTGTGTAG 0.5   4MMs [1:4:6:11]   
all guides
scored by inverse likelihood of offtarget binding
 
score sequence
Guide #1 94 GAGTCACGACTTAATATCGT TGG
Guide #2 88 GGGTGTAGGGAATCCCTTAA GGG
Guide #3 83 TAGGGAATCCCTTAAGGGCC TGG
Guide #4 81 ATCGTTGGCACGTGAGAAAT GGG
Guide #5 78 TGGGTGTAGGGAATCCCTTA AGG
Guide #6 76 TATCGTTGGCACGTGAGAAA TGG
Guide #7 74 GATGGCTTCCAGGCCCTTAA GGG
Guide #8 64 GAGATATCTGCATCACATCT TGG
Guide #9 64 ATCTCGGGATACATGAGAGA TGG
Guide #10 62 AGATGTGATGCAGATATCTC GGG
Guide #11 62 ATAATACATAGCAACTCTGT GGG
Guide #12 61 CATAATACATAGCAACTCTG TGG
Guide #13 60 AGATGGCTTCCAGGCCCTTA AGG
Guide #14 58 TAAAGAAGTTCAGTGGGTAT TGG
Guide #15 57 AAGATGTGATGCAGATATCT CGG
Guide #16 57 TAATACATAGCAACTCTGTG GGG
Guide #17 53 ATACATGAGAGATGGCTTCC AGG
Guide #18 49 GTTAATATAAAGAAGTTCAG TGG
Guide #19 46 TTAATATAAAGAAGTTCAGT GGG
Guide #20 43 CATCAAGAAAATCTTTGTAT TGG
Guide #21 32 GTGGGGCAGACAGAAGAGTC TGG
Optimized CRISPR Design http://crispr.mit.edu/job/4377469437251333
1 of 1 25/10/2013 10:45
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    EcoRI                       LoxP      
5’….CTTAATAGAATTCATAACTTCGTATA…CTATACGAAGTTATTCGTTGGC…. 3’   Oligo G1 int 2 
             5’    GAGTCACGACTTAATATCGTTGG     3’   G1 int 2 CRISPR 
 
       
 
5’  CCAAAACCGTTTTGTGACCATATT  3’ 
3’GGTTTTGGCAAAACACTGGTATAA  5’    G1 int 4 CRISPR 
5’….CCAAAACGCTAGCATAACTTCGTAT…GCTATACGAAGTTATCGTTTTGT…. 3’ Oligo G1 int 4 





                                       
           
Figure	  31-­‐	  Schematic	  representation	  of	  the	  sgRNA	  and	  one	  allele	  of	  the	  double	  stranded	  DNA	  
targeting	  BTC	  intron	  2	  and	  intron	  4.	  The	  sgRNA	  coding	  sequence	  is	  underlined	  and	  labelled	  
in	  blue.	  The	  PAM	  sequences	  as	  well	  as	  EcoRI	  and	  NheI	  sites	  are	  represented	  with	  bold.	  The	  
LoxP	  sequences	  are	  labelled	  in	  orange.	  
	  
III-­‐3.2-­‐TRANSFECTING	  ESCS	  Following	   the	   cloning	   step	   of	   the	   oligonucleotides	   and	   the	   CRISPRs	   we	   proceeded	   to	  transfection	   of	   ESCs.	   We	   transfected	   the	   ESCs	   with	   single-­‐stranded	   or	   double-­‐stranded	  oligonucleotides	   (1μg	   each)	   in	   combination	  with	   each	   corresponding	  CRISPR	   (1	  μg)	   and	  PGK-­‐puro	  (2μg)	  in	  order	  to	  select	  for	  cells	  that	  underwent	  transfection.	  We	  decided	  to	  use	  ESCs	   instead	   of	   zygotes	   because	   with	   this	   strategy	   we	   can	   overcome	   the	   mosaicism	  described	  in	  Yang	  et	  al.,	  and	  also	  screen	  the	  colonies	  in	  a	  quicker	  way	  (Yang	  et	  al.,	  2013).	  
3	   4	  
3	   4	  
EcoRI	   NheI	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For	   the	   transfection	   we	   made	   use	   of	   TESCO-­‐CFP	   ES	   cells	   instead	   of	   wild	   type	   ES	   cells	  simply	  because	  these	  have	  a	  proven	  record	  of	  very	  good	  germline	  transmission	  in	  the	  lab	  (unpublished	   data	   and	   Sekido	   &	   Lovell-­‐Badge,	   2008).	   After	   selection	   with	   Puromycin	  (Puro)	   for	   48	   hours,	   the	   positive	   colonies	   were	   allowed	   to	   expand.	   12	   puro-­‐resistant	  colonies	   were	   picked	   for	   each	   transfected	   pair	   of	   CRISPR-­‐Oligonucleotides	   for	   further	  expansion	   and	   analysis.	   gDNA	   was	   isolated	   and	   the	   presence	   of	   the	   LoxP	   sites	   was	  examined	  via	  PCR	  amplification	  followed	  by	  restriction	  enzyme	  digestion	  (EcoRI	  for	  Intron	  2	  or	  NheI	  for	  Intron	  4)	  (primers	  used	  are	  described	  in	  table	  VI).	  The	  expected	  size	  for	  the	  undigested	  PCR	   fragment	  of	   intron	  2	  was	  948bp,	  whereas	   if	   homologous	   recombination	  occurred	  and	  the	  genomic	  locus	  was	  replaced	  with	  the	  EcoRI	  and	  the	  LoxP	  sites,	  a	  477bp	  +	  471bp	   fragments	  were	   expected	   for	   G1	   int2	   and	   657bp	   +	   291bp	   fragments	   for	   G2	   int2.	  Regarding	  G1	  int2,	  1	  out	  of	  12	  clones	  seemed	  to	  be	  positive	  for	  the	  integration	  of	  loxP	  site	  (Figure	  32)	  and	  for	  G2	  int	  2	  none	  of	  the	  clones	  seemed	  to	  be	  positive	  for	  the	  integration	  of	  loxP	  sites	  (Figure	  33).	  The	  suspected	  positive	  clone	  of	  G1	  int2	  was	  sent	  for	  sequencing	  to	  confirm	  the	  loxP	  presence	  with	  a	  primer	  located	  at	  the	  beginning	  of	  intron	  2	  (BTC	  36644	  F,	  see	  table	  VI).	  Unfortunately,	  the	  sequencing	  result	  showed	  that	  instead	  of	  receiving	  loxP	  integration	  we	  had	  one	  allele	  wild	  type	  and	  another	  allele	  with	  a	  deletion	  of	  around	  500	  bp.	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Figure	  32-­‐	  Digestions	  of	  G1	  int2	  ESCs	  clones	  with	  EcoRI.	  Only	  clone	  1	  seemed	  to	  be	  positive	  
for	  the	  integration	  of	  the	  LoxP	  site.	  The	  1%	  gel	  was	  run	  with	  100bp	  ladder	  (L).	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Figure	   33-­‐	  Digestions	   of	   G2	   int2	   ESCs	   clones	  with	   EcoRI.	   None	   of	   the	   clones	   seemed	   to	   be	  
positive	  for	  the	  integration	  of	  the	  LoxP	  site.	  The	  1%	  gel	  was	  run	  with	  100bp	  ladder	  (L).	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As	  for	  intron	  4,	  the	  expected	  size	  for	  the	  undigested	  PCR	  fragment	  is	  796	  bp	  and	  if	  the	  LoxP	  and	  NheI	  sites	  were	  inserted,	  fragments	  of	  424bp	  +	  372bp	  are	  expected	  for	  G1	  int4,	  and	   471bp	  +	   325bp	   fragments	   for	  G3	   int4.	   As	   demonstrated	   in	   Figure	   34	   and	   figure	   35	  none	  of	  the	  clones	  was	  positive	  for	  the	  integration	  of	  the	  loxP	  site.	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Figure	   34-­‐	   Digestions	   of	   G1	   int4	   ESCs	   clones	   with	   NheI.	   None	   of	   the	   clones	   seemed	   to	   be	  
positive	  for	  the	  integration	  of	  the	  LoxP	  site.	  The	  1%	  gel	  was	  run	  with	  a	  100	  bp	  ladder	  	  (New	  
England	  Biolabs)	  (L).	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Figure	   35-­‐	   Digestions	   of	   G3	   int4	   ESCs	   clones	   with	   NheI.	   None	   of	   the	   clones	   seemed	   to	   be	  
positive	  for	  the	  integration	  of	  the	  LoxP	  site.	  The	  1%	  gel	  was	  run	  with	  a	  100	  bp	  ladder	  (New	  
England	  Biolabs)	  	  (L).	  
	  
III-­‐4-­‐GENERATING	  BTC	  REPORTER	  MICE	  
III-­‐4.1-­‐DESIGN	  AND	  CLONING	  As	  BTC	  is	  a	  secreted	  molecule,	  it	  is	  very	  hard	  to	  track	  the	  cells	  that	  synthesize	  it	  as	  well	  as	   its	  path	  of	  secretion	  and	  target	  cells	  by	  standard	  immunostainings.	  In	  addition,	  due	  to	  the	   above	   limitations	   we	   cannot	   fully	   address	   the	   question	   of	   what	   conditions	   may	  modulate	  the	  transcription,	  translation	  and	  secretion	  of	  BTC	  in	  the	  brain.	  The	  generation	  of	  BTC	  reporter	  mice	  is	  crucial	  to	  better	  address	  these	  questions	  in	  a	  more	  sensitive	  and	  accurate	  way.	  As	  such,	  we	  decided	  to	  generate	  BTC	  reporter	  mice	  where	  a	  T2A-­‐td-­‐Tomato	  sequence	  will	   be	   conjugated	  3’	   to	   the	  BTC	  gene	   sequence.	  To	  do	   this,	   a	  homology	  based	  targeting	  vector	  was	  designed	  containing	  3kb-­‐long	  homology	  arms	  as	  well	  as	  the	  T2A-­‐td-­‐Tomato	   sequence	   and	  a	  neo	   cassette	   (Figure	  36).	  The	  5’	   homology	  arm	  contains	  part	   of	  intron	   3,	   exon	   4,	   intron	   4	   and	   exon	   5	   until	   the	   stop	   codon	   (but	   not	   including	   the	   stop	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codon).	   The	   3’	   homology	   arm	   starts	   around	   30	   bp	   downstream	   of	   the	   stop	   codon	   and	  includes	   intron	   5	   and	   part	   of	   exon	   6	   (Figure	   36).	  We	   decided	   to	   design	   the	   CRISPRs	   to	  target	  30	  bp	  downstream	  of	   the	   stop	   codon	  of	   the	  BTC	  gene	   and	  not	   on	   the	   stop	   codon	  area	  itself	  as	  we	  anticipate	  that	  a	  positive	  clone	  will	  be	  heterozygous	  and	  we	  do	  not	  wish	  to	  harm	  the	  stop	  codon	  of	  the	  targeted	  allele	  by	  the	  typical	  small	  deletions	  that	  are	  likely	  to	  occur	  when	  using	  the	  CRISPR	  technology.	  The	  reason	  for	  using	  CRISPRs	  when	  making	  the	   reporter	   mice	   is	   that	   it	   is	   predicted	   to	   improve	   the	   homologous	   recombination	  efficiencies.	   However,	   the	   transfections	   were	   performed	   both	   with	   and	   without	   the	  CRISPRs	  (i.e.	  only	  with	  the	  targeting	  vector	  without	  the	  use	  of	  CRISPR).	  When	  generating	  a	  reporter	  line,	  homozygous	  mice	  are	  not	  mandatory	  as	  the	  expression	  of	  one	  of	  the	  alleles	  will	   be	   enough	   to	   drive	   the	   expression	   of	   the	   reporter	   gene.	   The	   homology-­‐recombined	  reporter	  allele	  will	  be	  missing	  around	  30	  bp	  (the	  gap	  between	  the	  BTC	  stop	  codon	  and	  the	  beginning	  of	  the	  3’	  homology	  arm	  which	  starts	  30	  bp	  downstream).	  To	  generate	  the	  mice	  we	   decided	   to	   use	   TESCO-­‐CFP	   ES	   cells	   again	   due	   to	   their	   high	   germline	   transmission	  efficiency	  (Sekido	  &	  Lovell-­‐Badge,	  2008).	  	  
	  
 
Figure	   36	   -­‐	   Schematic	   representation	   of	   BTC	   genomic	   locus	   and	   5’	   and	   3’	   homology	   arms.	  
Exons	  are	  represented	  by	  blue	  squares	  with	  numbers	  and	  introns	  are	  represented	  with	  blue	  
lines.	  The	  size	  of	  exons	  and	  introns	  are	  mention	  in	  the	  figure	  as	  well	  as	  5’UTR,	  3’UTR	  start	  
and	  stop	  codons.	  Orange	  lines	  represent	  the	  5’	  and	  3’	  homology	  arms.	  The	  5’	  homology	  arm	  
spans	  intron	  3	  and	  goes	  up	  to	  the	  stop	  codon	  in	  exon	  5,	  whereas	  the	  3’	  homology	  arm	  starts	  
30	  bp	  downstream	  of	  the	  stop	  codon,	  the	  intron	  5	  and	  goes	  down	  to	  exon	  6.	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To	   design	   the	   CRISPR’s	   for	   the	   reporter	   mice	   we	   used	   again	   the	   bioinformatic	   tool	  (Supplementary	  figure	  1C).	  As	  explained	  above,	  we	  searched	  for	  CRISPR’s	  located	  around	  30	  bp	  downstream	  to	  the	  STOP	  codon	  of	  BTC	  that	  is	  located	  in	  exon	  5.	  	  In	  order	  to	  insert	  a	  reporter	  gene	  to	  the	  BTC	  locus	  we	  used	  the	  pnTKV-­‐T2A-­‐td-­‐tomato	  vector	  that	  was	  a	  gift	  from	  Dr	  Yossi	  Buganim	  (Hebrew	  University,	  Israel).	  The	  structure	  of	  pnTKV-­‐T2A	  td-­‐tomato	  vector	  is	  presented	  in	  figure	  37.	  	  	  
 
 
Figure	   37	   –	   Linear	   representation	   of	   pnTKV-­‐T2A-­‐td-­‐tomato	   vector.	   HpaI,	   SacII	   and	   NotI	  
restriction	   sites,	   which	  were	   used	   for	   the	   cloning,	   are	   represented	  with	   black	   lines;	   LoxP	  
sites	   are	   represented	   with	   orange	   triangles;	   and	   FRT	   site	   are	   represented	   with	   blue	  
triangles.	  Using	  the	  HpaI	  site	  for	  cloning	  the	  5’arm	  allows	  the	  T2A	  Td-­‐Tomato	  to	  be	  in	  frame	  
with	  the	  previous	  coding	  sequence	  (in	  our	  case,	  the	  BTC	  coding	  sequence).	  
	   To	  clone	  the	  homology	  arms	  of	  BTC	  into	  the	  pnTKV-­‐T2A-­‐td-­‐tomato	  vector	  we	  utilized	  the	  HpaI	   and	  SacII	   restriction	   sites	   in	  5’	   and	  3’	   site	   of	   the	  pnTKV-­‐T2A-­‐td-­‐tomato	  vector,	  respectively.	   Both	   homology	   arms	   are	   3kb	   long.	   We	   designed	   two	   sets	   of	   primers	   to	  amplify	   the	  3’	   arm	   (named	  3’arm	  F+R	  and	  3’arm	  F+R2)	   (Table	  VII)	   that	   contained	   SacII	  restriction	  site.	  Following	  the	  PCR	  reaction,	  we	  run	  the	  products	  on	  a	  1%	  gel	  and	  verified	  that	  both	  fragments	  have	  a	  length	  of	  3	  kb,	  which	  is	  the	  predicted	  size	  for	  the	  amplification.	  	  Both	  primer	  sets	  amplified	  the	  same	  3	  kb	  size	  fragment.	  We	  decided	  to	  continue	  the	  work	  with	  the	  3’	  arm	  amplified	  from	  the	  F+R	  primer	  set.	  After	  cloning	  the	  3’	  arm	  into	  the	  pnTKV-­‐T2A-­‐td-­‐tomato	  empty	  vector,	  28	  clones	  were	  screened	   by	   digestion	   with	   SacII	   and	   we	   found	   3/28	   clones	   that	   were	   positive	   for	   the	  insertion	  of	  the	  3’arm	  (Figure	  38).	  Although	  clones	  2	  and	  18	  presented	  a	  different	  pattern	  of	  digestions	  we	  also	  selected	  them	  for	  further	  screening	  for	  the	  correct	  orientation.	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Figure	  38	  –	  Clones	  of	  pnTKV-­‐T2A-­‐td-­‐Tomato	  containing	  the	  3’	  arm,	  digested	  with	  SacII.	  Clone	  
20,	  23	  and	  27	  present	  the	  correct	  pattern	  for	  insertion	  3’	  arm	  (blue	  arrow)	  and	  clone	  2	  and	  
18	  present	  a	  different	  pattern	  of	  digestions	  (orange	  arrow).	  The	  1%	  gel	  was	  run	  with	  a	  1	  KB	  
ladder	  (L).	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                                              L      2       18      20      23     27 
                                       
Figure	  39	  –PnTKV-­‐T2A-­‐td-­‐Tomato-­‐	  3’	  BTC	  digestions	  made	  with	  BamHI.	  Clone	  20,	  23	  and	  27	  
(blue	  arrows)	  present	  2	  bands:	  one	  of	  ≈3	  kb	  and	  another	  of	  ≈9	  kb	  that	  is	  the	  expected	  size	  of	  
the	  bands	  for	  the	  desired	  orientation.	  The	  1%	  gel	  was	  run	  with	  a	  1	  KB	  ladder	  (L).	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Figure	  40–Digestions	  of	  pnTKV-­‐T2A-­‐td-­‐Tomato-­‐3’	  arm	  with	  5’arm	  F2	  with	  HpaI.	  Clones	  4,	  14	  
and	  15	  present	  a	  band	  of	  3kb	  that	  demonstrates	  that	  the	  5’	  arm	  F2	  hpaI	  was	  cloned	  in	  the	  
vector.	  	  The	  1	  %	  gel	  was	  run	  with	  a	  1kb	  ladder	  (L).	  	  
	   Next,	   we	   screened	   the	   positive	   colonies	   for	   the	   correct	   orientation	   using	   digestions	  with	  HindIII.	  If	  the	  clones	  have	  the	  insert	  in	  a	  correct	  orientation	  they	  should	  present	  three	  bands	  of	  around	  2.5	  kb,	  4	  kb	  and	  6.5	  kb.	   If	   they	  have	  the	  insert	   in	  the	  wrong	  orientation	  they	   should	  present	   also	   three	  bands	  of	  1.8	  kb,	  2.5	  kb,	   and	  8.7	  kb.	  A	   total	   of	  1/4	   clones	  present	  the	  insertion	  in	  a	  good	  orientation	  (Figure	  41).	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	  	  	  	  	  L	  	  	  	  3	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Figure	  41	  –Digestions	  of	  BTC	  5’-­‐pnTKV-­‐T2A-­‐td-­‐Tomato-­‐	  BTC	  3’	  with	  HindIII.	  Clones	  15	  and	  
36	  present	  bands	  of	  around	  2.5	  kb,	  4kb	  and	  6.5	  kb	  which	  demonstrate	  that	  the	  insert	   is	   in	  
the	  right	  orientation.	  	  The	  1	  %	  gel	  was	  run	  with	  a	  1kb	  ladder	  (Invitrogen)	  (L).	  
3kb	  12kb	  
3kb	  2kb	  4kb	  
5kb	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Clone	  15	  was	  sent	  for	  sequencing	  with	  forward	  primers	  located	  in	  the	  final	  of	  TK	  gene	  (reporter	   1821	   F)	   and	   going	   inside	   the	   5’	   arm	   (Reporter	   24601	   F,	   Reporter	   5'	   3389	   F,	  Reporter	  5'	  4161	  F,	  and	  Reporter	  5'	  4981	  F)	  (table	  VIII).	  The	  sequencing	  results	  showed	  that	  the	  clone	  has	  the	  correct	  sequence,	  located	  in	  the	  correct	  place.	  	  
	  
III-­‐4.2TRANSFECTING	  ESCS	  After	   confirming	   that	   the	   targeting	   vector	   contains	   the	   BTC	   arms	   and	   has	   a	   correct	  sequence	   in	   frame,	   the	   plasmid	   was	   linearized	   with	   NotI	   and	   precipitated	   in	   order	   to	  transfect	   it	   into	  ESCs.	   	  The	  reasons	  that	   led	  us	  to	  use	  ES	  cells	   instead	  of	  zygotes	  and	  also	  TESCO-­‐CFP	  ES	  cells	  instead	  of	  untargeted	  ES	  cells	  are	  explained	  above.	  Transfections	  were	  carried	  out	  with	  the	  linearized	  plasmid	  (2.5-­‐3μg)	  alone	  or	  in	  combination	  with	  one	  of	  the	  two	   CRISPRs	   (G5	   int5	   or	   G7	   int5)	   (0.5μg).	   After	   two	   days	   of	   transfection	   the	   cells	  were	  subjected	  to	  double	  selection	  with	  ganciclovir	  (2μM)	  (TK	  selection)	  and	  G418	  (400ng/ml)	  (neomycin	  selection)	  for	  two	  days	  and	  we	  continually	  grow	  the	  cells	  with	  these	  two	  drugs.	  12	  clones	  for	  each	  condition	  were	  picked	  and	  expanded	  for	   further	  screening.	  The	  gDNA	  was	  isolated	  in	  order	  to	  proceed	  with	  Southern	  blot	  for	  screening	  the	  colonies.	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Figure	  42	  –	  Schematic	  overview	  of	  restriction	  digestion	  for	  Southern	  Blot	  using	  XmaI	  in	  wild-­‐
type	  (WT)	  and	  reporter	  allele	  (Reporter).	  (A-­‐I)	  Probes	  used	  are	  represented	  with	  different	  
coloured	  arrows	  as	  well	  as	  their	  length	  in	  bp. 
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Figure	   43	   –	   Schematic	   overview	   of	   a	   double	   restriction	   digestion	   for	   Southern	   Blot	   using	  
XmaI	  and	  SacII	  in	  wild-­‐type	  (WT)	  and	  reporter	  allele	  (Reporter).	  The	  probe	  is	  represented	  by	  
a	  black	  arrow.	  
	   9	  different	  probes	   (probe	  A-­‐I)	  were	  designed,	  amplified,	   sequenced	  and	   tested	  using	  the	   Southern	   blot	   technique	   (Figure	   42)	   (table	   IX)	   however	   none	   of	   them	  worked.	   As	   a	  result	   we	   suspected	   that	   there	   may	   be	   a	   problem	   using	   XmaI	   as	   a	   restriction	   enzyme,	  hence	  we	  decided	  to	  design	  another	  Southern	  blot	  strategy.	  This	  made	  use	  of	  EcoRI	  which	  cuts	  outside	  the	  5’	  homology	  arm,	  inside	  the	  3’	  arm	  and	  also	  inside	  the	  insert	  (Figure	  44).	  Therefore,	   if	  we	  had	  an	   insert	  we	  would	  obtain	  a	   fragment	  of	  8	  kb	  (Figure	  44	  Reporter),	  however	   if	  we	  had	  no	  insert	  we	  would	  obtain	  a	  fragment	  of	  6	  kb	  (Figure	  44	  WT).	   In	  this	  case,	  we	  re-­‐used	  some	  of	  the	  probes	  that	  had	  been	  tried	  for	  the	  XmaI	  Southern	  (Probe	  C,	  F,	  G,	  H	  and	  I).	  	  Only	  probe	  F	  worked,	  so	  we	  screened	  the	  ES	  cells	  colonies	  using	  this	  probe.	  In	  total	  17	  colonies	  were	  screened	  (9	  that	  were	  transfected	  just	  with	  the	  construct	  (pnTKV-­‐T2A-­‐td-­‐tomato),	  9	  that	  were	  transfected	  with	  G5	  int5	  CRISPR	  and	  the	  construct	  (G5	  int5),	  and	   13	   that	  were	   transfected	  with	   G7	   int5	   CRISPR	   and	   the	   construct	   (G7	   int5))	   (Figure	  45).	  Just	  G7	  int5	  clone	  13	  presented	  two	  bands	  with	  around	  8	  kb	  and	  6	  kb	  suggesting	  that	  probably	  we	  have	  obtained	  a	  heterozygous	  clone	  for	  the	  integration	  of	  the	  reporter	  gene.	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Figure	   44	   –	   Schematic	   overview	   of	   restriction	   digestion	   for	   Southern	   Blot	   using	   EcoRI	   in	  
wild-­‐type	   allele	   (WT)	   and	   reporter	   (Reporter)	   allele.	   Probes	   used	   (C,	   F,	   G,	   H	   and	   I)	   are	  
represented	  with	  different	  coloured	  arrows	  as	  well	  as	  their	  length	  in	  bp.	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Figure	  45	  –Southern	  Blot	  analysis	  with	  EcoRI	  digestion	  in	  pnTKV-­‐T2A-­‐td-­‐tomato,	  G5	  int5	  
and	  G7	  int5	  clones.	  	  Note	  that	  only	  G7	  int5	  clone	  13	  has	  two	  bands	  with	  around	  6kb	  and	  8kb	  .	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IV-­‐	  1-­‐	  NEUROSPHERES	  AND	  DEEP	  TISSUE	  VISUALIZATION	  BTC	  is	  secreted	  by	  endothelial	  cells	  (ECs)	  within	  the	  vasculature	  and	  it	  is	  present	  in	  CSF	   that	   is	  produced	  by	  CP	   (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012;	  Tavazoie	  et	  al.,	  2008).	  However,	  Gómez-­‐Gaviro	  et	  al.,	  described	  that	  BTC	  expression	  was	  strongest	  at	  the	  surface	  of	  ECs	  suggesting	  that	  BTC	  is	  secreted	  into	  the	  niche	  and	  not	  into	  the	  bloodstream.	  These	   observations	   and	   also	   the	   findings	   that	   BTC	   induces	   expansion	   of	   NSCs	   and	  neuroblasts	   in	   SVZ	   suggest	   that	   BTC	  may	   be	   an	   important	   compound	   of	   the	   neurogenic	  niche.	   To	   study	   in	  more	   detail	   the	   importance	   of	   BTC	  we	   used	   the	   in	  vitro	  neurosphere	  assay.	  	  	   We	   have	   demonstrated	   that	   BTC	   is	   sufficient	   to	   induce	   neurosphere	   growth,	   by	  counting	  the	  number	  of	  neurosphere	  per	  cm2	  (Figure	  19),	  as	  previously	  described	  (María	  Victoria	   Gómez-­‐Gaviro	   et	   al.,	   2012).	  We	   also	   performed	   an	   evaluation	   of	   the	   size	   of	   the	  spheres	  in	  medium	  supplemented	  with	  BTC	  and	  EGF	  alone,	  in	  combination	  or	  in	  FGF+EGF	  supplemented	  medium.	  We	  observed	  that	  in	  the	  case	  of	  FGF+EGF,	  the	  spheres	  were	  bigger	  when	  compared	  with	  the	  other	  conditions,	  in	  accordance	  with	  Gomez-­‐Gaviro	  et	  al.	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  Neither	  BTC	  alone	  nor	  BTC+EGF	  were	  able	  to	  generate	  bigger	   neurospheres	   suggesting	   that	   the	   generation	   of	   big	   spheres	   might	   rely	   on	   the	  presence	  of	  FGF	  in	  the	  medium.	  Therefore,	  another	  set	  of	  experiments	  in	  which	  FGF	  is	  also	  included	   should	  be	  performed.	   Indeed	  Gomez-­‐Gaviro	   et	   al.,	   showed	   that	   the	  presence	  of	  FGF	  in	  conjunction	  with	  BTC	  increased	  the	  average	  neurosphere	  diameter	  when	  compared	  to	   BTC	   alone,	   strongly	   suggesting	   that	   FGF	   is	   important	   for	   neurosphere	   growth.	   It	   has	  also	   been	   proposed	   that	   small	   neurospheres	   are	   essentially	   originating	   from	   more	  committed	  progenitors	  while	   big	   neurospheres	   originate	   from	   true	  neural	   stem	   cells.	   In	  such	   case,	   one	   could	   think	   that	   the	   presence	   of	   FGF	   either	   stimulates	   stem	   cell	   forming	  neurospheres	  or	   that	   it	   can	  push	  cells	   in	   the	  process	  of	   commitment	  back	   to	  a	   stem	  cell	  state.	   In	   either	   case,	   the	   effect	   of	   BTC	   on	   the	   ability	   to	   enhance	   stem	   cell	   forming	  neurospheres	  compared	  to	  progenitor	  forming	  neurospheres	  should	  be	  analysed.	  	   BTC	   is	   a	   growth	   factor	   that	   belongs	   to	   the	   EGF	   family	   and	   it	   can	   bind	   to	  EGFR/ErbB1	   and	   ErbB4	   receptors	   and	   activate	   Akt/PI3K	   and/or	   MEK/Erk	   signalling	  pathways	  (	  a	  J.	  Dunbar	  &	  Goddard,	  2000;	  María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  In	  my	  thesis,	  one	  aim	  was	  to	  determine	  which	  signalling	  pathway	  was	  implicated	  in	  progenitor	  proliferation	   in	   the	   presence	   of	   BTC.	   I	   have	   demonstrated	   that	   when	   inhibitors	   of	  Akt/PI3K	  and	  MEK/Erk	  signalling	  pathways	  were	  added	  together	  to	  all	  culture	  conditions	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there	  was	  an	  increase	  in	  the	  number	  of	  cells	  positive	  for	  phosphohistone	  3	  (PHH3),	  which	  is	   traditionally	   used	   as	   a	   marker	   of	   M	   phase	   of	   the	   cell	   cycle	   (Figure	   22).	   These	  observations	  might	  represent	  two	  phenomena:	  one	  is	  that	  the	  inhibition	  of	  both	  pathways	  can	   change	   the	   cell	   cycle	   length	   and	   that	   would	   increase	   the	   number	   of	   PHH3	   positive	  cells.	  A	  decrease	   in	   cell	   cycle	   length	  would	  mostly	   result	   in	   a	  decrease	   in	  PHH3	  positive	  cells	  as	  the	  length	  of	  M	  phase	  is	  not	  subject	  to	  variation.	  Indeed,	  the	  length	  of	  the	  cell	  cycle	  is	  mostly	   due	   to	   a	   change	   in	   the	   length	   of	   the	  G1	   or	   G2	   phase.	   An	   increase	   of	   cell	   cycle	  length	  would	   lead	   to	  an	   increase	   in	  cells	   in	  M	  phase,	   therefore	  such	  a	  hypothesis	  cannot	  yet	   been	   discarded.	   The	   other	   hypothesis	   is	   that	   the	   inhibition	   of	   both	   pathways	   can	  induce	   a	   cell	   cycle	   arrest.	   Phosphorylation	   of	   histone	   H3	   occurs	   on	   pericentromeric	  chromatin	  in	  the	  late	  G2	  phase,	  presenting	  a	  dotted	  form	  when	  it	   is	  stained.	  However,	  as	  mitosis	  proceeds	  this	  spreads	  along	  the	  chromosome.	  Once	  mitosis	   is	  over,	  histone	  H3	  is	  dephosphorylated	  (Prigent	  &	  Dimitrov,	  2003).	  A	  closer	  examination	  of	  PHH3	  positive	  cells	  would	  help	  us	  discriminate	  between	  the	  two	  hypotheses.	  Very	  preliminary	  result	  focusing	  on	  PHH3	  staining	   tends	   to	  point	   the	   latter	  hypothesis	   (there	  was	  more	  puncated	  versus	  chromosomal	  staining).	  It	   is	   known	   that	   progenitors	   localized	   around	   capillaries	   in	   the	   SVZ	   niche	   show	  strong	   expression	   of	   EGFR	   (Tavazoie	   et	   al.,	   2008).	   The	   activation	   of	   the	   MEK/Erk	  signalling	   pathway	   leads	   to	   an	   anti-­‐apoptotic	   and	   proliferative	   response	   (Saito	   et	   al.,	  2004).	  It	  is	  also	  known	  that	  the	  sustained	  MEK/Erk	  activation	  is	  necessary	  for	  induction	  of	  cyclin	   D1	   protein	   and	   DNA	   synthesis,	   whereas	   transient	   activation	   of	   the	   MEK/Erk	  signalling	   cascade	   may	   be	   insufficient	   to	   induce	   cyclin	   D1	   protein	   and	   DNA	   synthesis	  (Bottazzi	  et	  al.,	  1999;	  Roovers	  &	  Assoian,	  2000;	  Roovers	  et	  al.,	  1999).	  On	  the	  other	  hand,	  the	  activation	  of	  the	  Akt/PI3K	  signalling	  pathway	  also	  leads	  to	  the	  upregulation	  of	  cyclin	  D1	   protein	   and	   an	   increase	   in	   DNA	   synthesis	   and	   cell	   cycle	   progression	   (Shin	   et	   al.,	  2003b).	  	  Akt/PI3K	  pathway	  is	  also	  involved	  in	  other	  functions	  such	  as	  cell	  survival,	  energy	  metabolism,	   and	   cellular	   motility	   (Sarbassov,	   Guertin,	   Ali,	   &	   Sabatini,	   2005).	   It	   was	  demonstrated	   that	   inhibition	   of	   Akt/PI3K	   promotes	   an	   increase	   of	   PHH3	   positive	   cells	  (Ornelas,	   Silva,	  Fragel-­‐Madeira,	  &	  Ventura,	  2013)	  possibly	  due	   to	  a	  delay	   in	  S	  phase	  exit	  and	   G2/M	   transition	   caused	   a	   decrease	   in	   cyclin-­‐dependent	   kinase	   1	   (CDK1)	   activity	  (Ornelas	  et	  al.,	  2013;	  Roberts	  et	  al.,	  2002;	  Shtivelman,	  Sussman,	  &	  Stokoe,	  2002),	  and	  also	  leads	   to	  an	   increase	  of	   cell	  death	   (Ornelas	  et	  al.,	  2013).	  The	   inhibition	  of	  both	  pathways	  (Akt/PI3K	   and	  MEK/Erk)	   acts	   together	   to	   enhance	   the	   activation	   of	   FOXO	   transcription	  factors,	  which	  are	   responsible	   for	   the	   cell	   cycle	   arrest	   and	  apoptosis	   (Roy,	   Srivastava,	  &	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Shankar,	  2010).	  These	  observations	  suggest	  that	  when	  we	  add	  the	  both	  inhibitors	  together	  there	  is	  cell	  cycle	  arrest,	  increasing	  PHH3	  positive	  cells.	  However	  when	  just	  one	  inhibitor	  is	   added	   the	   other	   unaffected	   signalling	   pathway	   could	   compensate	   and	   allow	   for	   the	  proliferation	  of	  progenitors.	  In	  figure	  22,	  we	  noticed	  in	  some	  conditions	  that	  affecting	  one	  pathway	   might	   have	   some	   effect,	   even	   though	   not	   statistically	   significant.	   This	   could	  indicate	  a	  partial	   compensation	  of	   the	  affected	  pathway.	  Further	   investigation	  should	  be	  performed	   to	   study	   in	   details	   the	   involvement	   of	   both	   pathways	   in	   progenitor	  proliferation.	  	  	   BTC	  has	  been	  shown	  to	  promote	  proliferation	  of	  adult	  neural	  stem	  cells	  as	  well	  as	  stimulating	  neurogenesis	  in	  vivo	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  Gomez-­‐Gaviro	  and	  colleagues	  found	  that	  BTC	  is	  expressed	  by	  endothelial	  cells	  present	  in	  the	  vasculature	  as	  well	  as	  the	  choroid	  plexus	  (CP).	  However	  antibody	  staining	  against	  BTC	  seems	  difficult	  as	   they	   discuss.	   In	   my	   master’s	   thesis,	   I	   used	   two	   different	   techniques	   allowing	   3-­‐D	  visualization	  of	  BTC	  and	  CD31,	  a	  marker	  of	  endothelial	  cells	  (SeeDB	  and	  CLARITY)	  (Chung	  et	  al.,	  2013;	  Ke	  et	  al.,	  2013).	  Both	  techniques	  used	  allowed	  transparisation	  of	  brain	  tissue.	  It	   is	   to	   note	   that	   SeeDB	   clarifies	   brain	   sections	   faster	   than	   CLARITY.	  However	   it	   cannot	  transparise	  an	  entire	  brain	  (Ke	  et	  al.,	  2013)	  like	  CLARITY	  (Chung	  et	  al.,	  2013).	  With	  both	  techniques	  it	  was	  possible	  to	  visualize	  BTC	  expression	  in	  the	  CP	  and	  subependymal	  zone	  (SEZ)	  as	  described	  by	  Gomez-­‐Gaviro	  and	  colleagues	   (María	  Victoria	  Gómez-­‐Gaviro	  et	   al.,	  2012)	  (figure	  24	  and	  27).	  While	  I	  was	  able	  to	  use	  immunostaining	  on	  brain	  sections	  using	  the	  SeeDB	  protocol,	   the	  clarification	  was	  not	  complete	  and	  background	  coming	   from	  un-­‐clarified	  tissue	  was	  present.	  Therefore,	  the	  CLARITY	  technique	  was	  favoured	  over	  SeeDB.	  Using	  CLARITY,	   it	  was	  possible	   to	  observe	  an	   improvement	   in	  brain	   transparisation.	  But	  while	   this	   was	   an	   advantage,	   it	   was	   then	   more	   difficult	   to	   determine	   precise	   brain	  localisations.	  Moreover,	  there	  were	  still	  some	  issues	  regarding	  background.	  Compared	  to	  SeeDB,	  the	  background	  in	  the	  case	  of	  CLARITY	  was	  not	  due	  to	  unclarified	  tissue	  but	  more	  a	  technical	   problem	   from	   secondary	   antibodies	   as	   well	   as	   the	   laser	   of	   the	   confocal	  microscope	  (personal	  communication).	  Multi-­‐photon	  confocal	  microscopy	  could	  be	  of	  use	  for	   reducing	   some	   of	   the	   background.	  However,	   it	   has	   been	   pointed	   out	   to	   us	   that	   cells	  cannot	  be	  stained	  with	  DAPI	  as	  the	  staining	  leaks	  in	  different	  channels	  of	  the	  multi-­‐photon	  microscope.	  Due	  to	  already	  present	  difficulties	  to	  find	  the	  precise	  brain	  location	  even	  with	  DAPI,	   omitting	   this	   would	   prove	   impractical	   with	   respect	   to	   brain	   localization	   without	  finding	  an	  alternative	  solution.	  For	  example,	   it	  might	  be	  possible	  to	  substitute	  DAPI	  with	  other	  nucleic	  acid	  stains	  with	  different	  wavelength	  emission	  (such	  as	  TOTO,	  YOYO,	  BOBO,	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POPO,	   JOJO	   or	   LOLO,	   life	   technologies).	   Furthermore,	   only	   a	   few,	   specific	   secondary	  antibodies	  could	  be	  used	  for	  an	  optimal	  use	  of	  the	  multi-­‐photon	  microscope	  present	  at	  the	  institute	  (personal	  communication	  from	  microscopy	  facility).	  To	  further	  improve	  antibody	  penetration,	   different	   approaches	   were	   performed,	   namely	   different	   antibody	  concentrations	  or	  the	  use	  of	  proteinase	  K.	  We	  decided	  to	  treat	  the	  samples	  with	  proteinase	  K	   because	   it	   would	   increase	   the	   penetration	   of	   the	   antibody	   deeper	   into	   the	   section	  (Gleave,	  Lerch,	  Henkelman,	  &	  Nieman,	  2013).	  However,	  the	  concentrations	  we	  tested	  did	  not	  improve	  the	  staining.	  Different	  times	  and	  temperatures	  of	  incubation	  should	  be	  tested.	  Indeed,	  proteinase	  K	  is	  a	  protease	  with	  maximium	  activity	  between	  20-­‐60°C	  with	  a	  greater	  activity	  at	  50-­‐60°C	  compared	  to	  37°C.	  The	  selection	  of	  antibody	  dilution	  and	  the	  duration	  of	  proteinase	  K	  incubation	  as	  well	  as	  the	  temperature	  will	   likely	  depend	  on	  the	  antibody	  used,	  the	  abundance	  of	  the	  protein,	  and	  the	  location	  of	  structures	  of	  interest	  (Gleave	  et	  al.,	  2013).	  When	   we	   apply	   proteinase	   K	   to	   the	   sample	   we	   have	   to	   balance	   the	   time	   of	   the	  incubation	  of	   the	  enzyme	  as	  well	  as	   the	  temperature	  and	  the	  concentration,	  otherwise	   it	  could	   digest	   the	   antigen	   of	   interest	   and	   no	   detection	   will	   be	   possible	   for	   the	   antigen.	  However	  this	  process	  is	  far	  from	  being	  optimized	  and	  much	  more	  work	  is	  necessary	  to	  be	  performed	   in	   order	   to	   set	   up	   the	   technique.	   An	   alternative	   way	   of	   detecting	   BTC	  expression	  would	  be	  the	  use	  of	  reporter	  mice.	  Such	  animals	  would	  express	  a	  reporter	  gene	  (T2A-­‐td-­‐tomato)	  under	   the	  control	  of	  BTC	  and	   therefore	  visualisation	  of	  BTC	  expression	  on	  whole	  brain	  would	  not	  rely	  on	  the	  use	  of	  antibodies	  (see	  below).	  	  	  
IV-­‐2-­‐	  GENERATION	  OF	  A	  CONDITIONAL	  MUTANT	  MOUSE	  The	   generation	   of	   genetically	  modified	  mice	   is	   an	   important	   tool	   for	   biomedical	  research	   to	   study	  and	  analyse	  gene	   functions.	  As	   such,	   the	   continuous	  development	   and	  improvement	  of	  genomic	  engineering	  techniques	  are	  crucial.	  To	  generate	  a	  conditional	  KO	  mouse	  we	  decided	  to	  target	  exon	  3	  and	  exon	  4	  of	  the	  BTC	   gene	   using	   the	   newly	   developed	   CRISPR/Cas	   technique	   by	   utilizing	   both	   single-­‐stranded	   and	   double-­‐stranded	   oligonucleotides	   (ssOligo	   and	   dsOligo).	   These	   oligo’s	  contained	  the	  34	  bp-­‐long	  loxP	  site,	  a	  restriction	  site	  and	  on	  the	  two	  sides,	  small	  homology	  arms.	  The	  choice	  of	  exon	  3	  and	  exon	  4	  relies	  on	  the	  fact	  that	  exon	  3	  is	  critical	  for	  receptor	  binding	  and	  exon	  4	  comprises	  the	  transmembrane	  domain	  of	  the	  protein.	  For	  this	  reason	  we	  think	  that	  targeting	  these	  two	  exons	  will	  lead	  to	  the	  disruption	  of	  BTC	  structure	  as	  well	  as	  its	  function.	  To	  generate	  the	  conditional	  KO	  of	  BTC	  we	  aimed	  at	  incorporating	  two	  LoxP	  sites,	  one	  located	  on	  the	  second	  intron	  and	  the	  other	  on	  the	  forth	  intron	  (Figure	  29).	  We	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designed	   two	   CRISPRs	   for	   each	   incorporation	   site,	   which	   should	   mediate	   the	   double	  strand	  excision	  of	  the	  DNA.	  Two	  sets	  of	  CRISPRs	  were	  designed	  for	  each	  site	  as	  it	  has	  been	  shown	  that	  different	  CRISPRs	  can	  vary	  dramatically	  in	  their	  efficiency	  (Wang	  et	  al.,	  2013).	  The	  Oligo’s	  added	  to	  the	  CRISPR	  were	  used	  as	  a	  donor	  that	  contains	  short	  homology	  arms,	  the	  LoxP	  site	  and	  a	  restriction	  site	  which	  will	  be	  later	  on	  used	  as	  a	  screening	  method.	  The	  choice	  between	  an	  ssOligo	  or	  a	  dsOligo	  is	  crucial	  because	  the	  repair	  mechanism	  is	  different	  in	  each	  case,	  and	  may	  have	  significant	  effects	  on	  the	  efficiency	  of	  the	  process.	  Three	  major	  pathways	   exist	   for	   repairing	   DSBs	   in	   mammalian	   cells:	   HDR,	   NHEJ	   and	   single-­‐stranded	  annealing	   (SSA)	   (Chapman,	   Taylor,	  &	  Boulton,	   2012;	  Huertas,	   2010;	  Kass	  &	   Jasin,	   2010;	  Moynahan	  &	  Jasin,	  2010).	  SSA	  is	  the	  major	  mechanism	  of	  DSB	  repair	  using	  ssOligo	  (Storici	  et	  al.,	  2006).	  	  There	  are	  two	  molecular	  models	  for	  repairing	  DSB	  using	  ssOligo	  via	  SSA:	  the	  “bridge”	  and	  “	  “template”	  (Figure	  46).	  Storici	  et	  al.,	  proposed	  that	  “in	  the	  bridge	  model,	  the	  
same	  oligonucleotide	  must	  anneal	  to	  each	  side	  of	  the	  break,	  whereas	  in	  the	  template	  model,	  
the	   second	   annealing	   event	   involves	   pairing	   between	   the	   DNA	   copied	   from	   the	  
oligonucleotide	   and	   a	   homologous	   sequence	   on	   the	   other	   side	   of	   the	   DSB”	   (Storici	   et	   al.,	  2006).	  They	  also	  proposed	  that	  for	  SSA	  repair	  model,	   long	  stretches	  of	  ssOligo	  should	  be	  available.	  On	  the	  other	  hand,	  the	  mechanism	  involved	  in	  DSB	  repairing	  using	  as	  a	  dsOligo	  is	  the	  HDR	  where	  the	  DSB	  is	  repair	  by	  using	  a	  sister	  chromatid	  (or	  in	  our	  case	  the	  dsOligo)	  as	  a	  template	  (Sung	  &	  Klein,	  2006).	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Figure	  46-­‐	  Models	  of	  DSBs	   repair	  via	  SSA	  using	   ssOligo	  as	  a	   template.	  A)	  Template	  
intermediate	  model.	   The	   ssOligo	   (blue	   arrow)	   pairs	  with	   an	   homologous	   extremity	   of	   the	  
DSB	  (dotes	  parallel	  lines).	  The	  nonhomologous	  sequence	  is	  clipped	  away,	  and	  DNA	  synthesis	  
can	   occur	   to	   copy	   the	   rest	   of	   the	   oligonucleotide.	   The	   original	   oligonucleotide	   may	   be	  
removed	  by	  a	  helicase	  function,	  and	  a	  second	  annealing	  interaction	  occurs	  with	  the	  other	  3’	  
end	  of	  the	  DSB	  as	  shown	  by	  the	  thin,	  dotted	  red	  lines.	  Pairing	  of	  the	  3’	  strands,	  followed	  by	  
clipping	  of	  nonhomologous	  tails	  and	  subsequent	  DNA	  synthesis	  and	  ligation,	  completes	  the	  
repair.	  B)	  Bridge	  intermediate	  model.	  In	  this	  model	  the	  ssOligo	  (blue	  arrow)	  anneals	  of	  both	  
extremities	   of	   the	  DSB	  and,	   cleavage	  of	   the	  displaced	   ends,	   gap	   filling	   and	   ligation	  occurs.	  
The	   oligonucleotide	   region	   is	   either	   displaced	   or	   ligated	   after	   the	   cleavage	   of	  
nonhomologous	  tails	  and	  DNA	  synthesis	  (adapted	  from	  Storici	  et	  al.,	  2006).	  
	  At	  the	  time	  the	  experiments	  were	  designed,	  there	  were	  no	  previous	  reports	  in	  the	  literature	  where	  ES	  cells	  were	  used,	  as	   the	  published	  data	  was	  on	  zygotes,	  we	   therefore	  decided	   to	   use	   both	   double-­‐stranded	   and	   single-­‐stranded	   oligonucleotides	  with	   90bp	   of	  homology	   arms	   to	   target	   the	   DSBs	   induced	   by	   each	   CRISPR.	   In	   Yang	   et	   al.,	   they	   used	  oligonucleotides	  with	  60	  bp	  homology	   arms	  but	  we	  decided	   to	   increase	   this	   in	   order	   to	  make	  the	  oligonucleotides	  more	  specific	  for	  the	  target	  region	  (Yang	  et	  al.,	  2013).	  We	  also	  decided	  to	  include	  in	  the	  oligonucleotides	  a	  restriction	  site	  prior	  to	  the	  loxP	  site:	  EcoRI	  in	  the	   case	   of	   oligonucleotides	   targeting	   intron	   2	   or	   NheI	   in	   the	   case	   of	   oligonucleotides	  targeting	  intron	  4	  because	  it	  would	  be	  easier	  to	  later	  on	  screen	  for	  the	  integration	  of	  loxP	  sites	  in	  the	  genome	  (Figure	  31).	  	  
the other was the LEU2 replacement chromosome analogous
to that presented in Fig. 2A. The frequency of TRP5::ins31
reversions to Trp! was "10#8. The CORE-I-SceI cassette was
placed 10 kb upstream of the TRP5::ins31 target in one diploid
strain (FRO-888) and 10 kb downstream of TRP5::ins31 in the
other diploid strain (FRO-897). The induced DSB led to a
20- to 60-fold increase in targeting (Trp!) to the distant
TRP5::ins31 site (Fig. 3B). We suggest that the homologous
chromosome provided an opportunity for DSB repair in a
manner similar to that for the experiments described in the
legend for Fig. 2, and this enabled the events targeted to the
side to be recovered. If targeting to the side of the break is
stimulated by strand-specific resection (i.e., the 5$ to 3$ resec-
tion) there should be a strand bias since only the oligonucle-
otide that is complementary to the remaining strand would
enable recombination. Indeed, the bias was observed in favor
of the oligonucleotide complementary to the strand expected
to remain intact after resection (Fig. 3B).
The findings for the diploid strains led us to examine the
ability of a DSB to stimulate recombination at a distant site in
yeast haploid cells under conditions where the DSB could be
repaired directly. To further characterize resection and possi-
ble strand bias, w created a s ries of haploid strains (FRO-
917) in which the CORE-I-SceI cassette, together with the
I-SceI cutting site, was inserted %6 (FRO-870), 10 (FRO-872),
and 20 kb upstream (FRO-874) or 10 kb downstream (FRO-
876) from the TRP5::ins31 locus (Fig. 3C). Oligonucleotide e
r f, together wit a s c nd pair of oligonucleotides referred to
as repairing oligonucleotides R1 and R2 (Fig. 3C) that would
repair the DSB and delete the CORE-I-SceI cassette, was
transformed into cells grown in glucose (i.e., no-break induc-
tion) or incubated for 7 h in galactose. As shown in Fig. 3D,
glucose-grown cells exhibited comparable low frequencies of
Trp! transformants for oligonucleotide e or f in all strains. In
contrast, break induction led to a large increase in targeting
with a strong strand bias in fav r of the oligonucleotide that is
complementary to the strand with a 3$ end if resection has
occurred at the DSB. This was the f oligonucleotide when the
break occurred upstream from the targeted TRP5::ins31 locus
and was the e oligonucleotide for the downstream DSB. In the
transformations where targeting to the side was stimulated by
a DSB, the most Trp! events were associated with CORE loss.
The frequency of Trp! events not associated with CORE loss
was similar to the frequency of Trp! events in the absence of
a DSB (glucose). These findings are consistent with mecha-
nisms that include the resection of a large region distant to the
break during repair with oligonucleotides.
FIG. 4. Models of rejoining of DSB ends by ssDNA via two SSA
events. Annealing interactions between cDNA regions are shown as
dotted, red parallel lines; actual pairing is identified as red, parallel
lines that are vertical; DNA synthesis is shown as a dotted thick black
line with an arrow. (A) Template intermediate model. The first an-
nealing interaction between the single-strand repair oligonucleotide
(blue arrow) and the DSB ends is presented as dotted, red parallel
lines. The repairing oligonucleotide pairs with the homologous region
on the 3$ strand after resection of the 5$ strand. The nonhomologous
s quence is cl pped away, and DNA synthesis can occur to copy the
rest of the oligonucleotide. The original oligonucleotide may be re-
moved by a helicase function, and a second annealing interaction
occurs with the other 3$ end of the DSB as shown by the thin, dotted
red lines. Pairing of the 3$ strands, followed by clipping of nonhomolo-
gous tails and subsequent DNA synthesis and ligation, completes the
repair. (B) Bridge intermediate model. The repairing oligonucleotide
(blue arrow) anneals through two events with both the 3$ and 5$
unwound ends of a DSB. Cleavage of displaced ends, gap filling, and
ligation complete the repair event. The oligonucleotide region is either
displaced or ligated after the cleavage of nonhomologous tails and
DNA synthesis. (C) Multiple chromosomal breaks or closely spaced
DSBs in homologous DNA molecules can be repaired via multiple
rounds of SSA in a manner similar to that presented in panel A when
strand invasion might not be available or as an alternative to strand
invasion. Individual small chromosomal fragments after resection
provide opportunities for SSA repair. The multiple breaks might result
from closely spaced primary events or even at replication forks during
replication of DNAwith closely opposed single-strand lesions. (D) Repair
of closely opposed DSBs in homologous molecules. Following DSB for-
mation, there is degradation of the 5$ strands allowing an annealing
interaction of the complementary single strands. DNA synthesis extends
the 3$ strands. Branch migration events, due to equilibrium between the
extended 3$ ends and the unwound 5$ tails, trigger reannealing of the
extended 3$ strands to their initial chromosomal ends. DNA synthesis and
ligation complete the repair of the DSB. Both original homologous
molecules are repaired without rearrangements.
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Another	  major	   decision	   that	   needed	   to	   be	  made	  was	  whether	   to	   target	   the	   BTC	  locus	  in	  zygotes	  or	  in	  ESC.	  One	  needs	  to	  consider	  that	  in	  order	  to	  insert	  two	  independent	  LoxP	  sites	  at	  two	  separate	  location	  using	  two	  different	  CRISPR’s	  at	  the	  same	  time,	  we	  have	  the	   risk	   of	   generating	   a	   big	   deletion	   of	   intron	   2-­‐4.	   Therefore,	   we	   can	   either	   do	   the	  transfections	   of	   two	   CRISPR’s	   and	   two	   oligos	   at	   the	   same	   time,	   but	   exclude	   during	   the	  screening	  process	  the	  clones	  in	  which	  this	  big	  deletion	  has	  occurred.	  The	  other	  option	  is	  to	  do	   the	   insertions	   of	   LoxP	   sites	   in	   a	   sequential	   matter-­‐	   one	   after	   the	   other.	   With	   both	  options	   in	  mind	  we	  decided	  both	   the	   targeting	  process	   as	  well	   as	   the	   screening	  process	  will	  be	  faster	  in	  ESC	  rather	  then	  in	  zygote	  injections	  (Hadjantonakis,	  Gertsenstein,	  Ikawa,	  Okabe,	  &	  Nagy,	  1998;	  Wang	  et	  al.,	  2013;	  Yang	  et	  al.,	  2013).	   	  The	  mosaicism	  was	  another	  concern	   that	   we	   had	   (Yang	   et	   al.,	   2013).	   When	   using	   zygote	   injection,	   it	   was	   recently	  demonstrated	  that	  animals	  were	  often	  mosaic	  for	  the	  target	  insertion	  (Yang	  et	  al.,	  2013).	  The	   standard	   protocol	   for	   zygote	   injection	   involves	   the	   injection	   of	   DNA	   into	   the	  pronucleus	   of	   fertilized	   eggs.	   This	   DNA	   usually	   integrates	   before	   the	   first	   cell	   division	  occurs;	   however,	   the	   integration	   can	   occur	   later	   and	   this	   results	   in	   a	   mosaic	   mouse,	  meaning	   that	   the	   same	  mouse	   has	   cells	   that	   carry	   the	   integration	   and	   cells	   that	   do	   not	  carry	   the	   integration	   (Conner,	   2004).	   Using	   ESCs	  we	   can	   overcome	   this	   problem	   as	   the	  transgenic	  mice	  generated	  are	  arising	  from	  a	  single	  colony	  which	  was	  properly	  screened	  (Poueymirou	   et	   al.,	   2007).	   However	   the	   efficiency	   of	   generating	   transgenic	   mice	   using	  ESCs	  seems	  to	  be	  lower	  than	  if	  we	  were	  using	  zygotes	  (Wang	  et	  al.,	  2013).	  Another	  aspect	  needing	  consideration	  was	  the	  choice	  of	  ESC	  to	  use.	  We	  used	  TESCO-­‐CFP	  ESCs	  instead	  of	  wild	  type	  ES	  Cells	  as	  they	  presented	  a	  very	  good	  germline	  transmission	  (Sekido	  &	  Lovell-­‐Badge,	   2008).	   This	   Is	   important	   as	   previous	   work	   done	   in	   the	   lab	   using	   ESCs	   from	  EUCOMM	  containing	  a	  conditional	  BTC	  allele	  showed	   that	  while	   those	  cells	  were	  able	   to	  give	  chimeric	  mice,	  these	  failed	  to	  present	  any	  germline	  transmission	  (unpublished	  data).	  A	   single	   attempt	   was	  made	   using	   the	   dsOligo,	   which	   failed	   to	   succeed,	   and	   no	   positive	  colonies	  were	   found.	  As	  a	  result,	  we	  decided	  to	   transfect	   the	  ESCs	  with	  a	  ssOligo.	   In	   this	  case	  we	  obtained	  1/12	  clones	   for	  G1	   int2	   that	  seemed	  to	  be	  positive	   for	   the	   insertion	  of	  the	  LoxP	  site,	  however	  after	   sending	   this	   clone	   for	   sequencing	   it	   appears	   that	   this	   clone	  does	  not	  contain	  a	  LoxP	  site,	  rather	  a	  deletion	  in	  one	  of	  the	  alleles.	  This	  deletion	  might	  be	  due	   to	   an	   attempt	   by	   the	   cell	   to	   repair	   the	   DSBs	   induced	   by	   CRISPR	   in	   a	   fast	   and	  disorganized	  way.	  It	  was	  also	  reported	  that	  SSA	  can	  induce	  some	  deletions	  in	  the	  genome	  which	   might	   also	   explain	   our	   results	   (Bacs,	   Res,	   Ther,	   Genet,	   &	   Res,	   2000).	   Yang	   et	   al.	  (2013)	  showed	  a	  high	  efficiency	  in	  integrating	  the	  LoxP	  site	  using	  zygote	  injection	  (25%-­‐
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50%	   efficiency)	   but	   we	   did	   not	   find	   this	   rate	   of	   efficiency	   with	   any	   of	   our	   CRISPRs.	  Nevertheless,	   they	  were	  using	   zygote	   injection	  and	  we	  were	  doing	   transfections	   in	  ESCs	  and	   it	  might	   affect	   the	  efficiency	  of	   integration	   the	  LoxP	   site.	   In	  addition,	   the	  number	  of	  clones	   that	   we	   have	   picked	   (12	   per	   CRISPR)	   seems	   to	   be	   low	   compared	   with	   another	  paper	  where	   they	   picked	   94	   individual	   clones	   from	  ESCs	   for	   each	   condition,	   and	  where	  they	   found	   that	   they	   could	   increase	   the	   efficiency	   of	   homologous	   recombination	   from	  0.27%	  to	  67%	  by	  using	  CRISPR	  (Gennequin,	  Otte,	  &	  Zimmer,	  2013).	  Another	  aspect	   that	  needs	  consideration	  is	  the	  concentrations	  of	  the	  transfected	  components.	  Here,	  we	  tried	  to	  transfect	  1μg	  (which	  corresponds	  to	  7pM)	  of	  dsOligo	  and	  ssOligo	  but	  in	  Ran	  et	  al.,	  protocol	  they	  suggested	  to	  transfect	  10	  μM	  of	  single-­‐stranded	  oligonucleotide	  (Ran,	  Hsu,	  Wright,	  et	  al.,	   2013).	   It	   may	   be	   that	   a	   better	   calibration	   of	   the	   various	   conditions	   including	  concentrations	  of	   the	  oligos	  and	  CRISPRs,	   repeat	  analysis	  of	  both	  ssOligo	  and	  dsOligo	  as	  well	   as	   the	   picking	   of	   more	   clones	   will	   allow	   a	   success	   in	   integrating	   the	   LoxP	   sites.	  Another	   possibility	   worth	   trying	   is	   to	   first	   check	   and	   compare	   the	   efficiencies	   of	   the	  CRISPRs	  in	  creating	  DSBs,	  and	  only	  afterwards	  choose	  the	  highest	  efficiency	  CRISPR	  with	  the	  ssOligo/dsOligo.	  	  
IV-­‐3-­‐GENERATION	  OF	  BTC	  REPORTER	  MICE	  The	   use	   of	   BTC	   reporter	   mice	   is	   crucial	   to	   better	   understand	   the	   spatial	   and	  temporal	  expression	  of	  BTC	  within	  the	  brain.	  Being	  a	  secreted	  protein,	  immunostaining	  is	  difficult	  and	  not	  informative	  enough	  (María	  Victoria	  Gómez-­‐Gaviro	  et	  al.,	  2012).	  Using	  BTC	  reporter	   mice	   will	   allow	   us	   to	   better	   identify	   the	   cells	   that	   express	   BTC,	   and	   to	   ask	  whether	  its	  transcription	  is	  modulated	  under	  various	  conditions	  and	  diseases.	  We	   decided	   to	   insert	   a	   T2A-­‐td-­‐tomato	   reporter	   gene	   in	   the	   3’	   side	   of	   BTC	   gene	  using	   the	  CRISPR/Cas9	   technique.	  The	  decision	  of	  wether	   to	   insert	   the	  reporter	  gene	  on	  the	  3’	  side	  instead	  of	  the	  5’	  side	  of	  the	  BTC	  gene	  relied	  on	  the	  concern	  of	  disrupting	  BTC	  expression.	  We	  assume	  that	  the	  5’	  side	  of	  the	  gene,	  which	  contains	  the	  minimal	  promoter	  and	  the	  5’	  UTR,	  contains	  more	  regulatory	  elements	  then	  the	  3’UTR	  of	  the	  gene.	  In	  addition,	  since	   we	   will	   be	   using	   the	   CRISPR/Cas	   system,	   and	   we	   are	   likely	   to	   generate	   a	  heterozygous	   reporter	   mouse,	   we	   would	   not	   like	   to	   take	   the	   risk	   of	   generating	   small	  deletions/insertions	   in	   close	   proximity	   to	   the	  ATG.	  As	   such,	  we	   found	   it	   less	   harmful	   to	  insert	  the	  reporter	  gene	  on	  the	  3’	  side.	  It	  is	  important	  to	  note,	  with	  the	  same	  concerns	  of	  harming	   expression	   of	   BTC	   from	   the	   targeted	   allele	   due	   to	   the	   CRISPR/Cas	   technique	  tending	   to	   introduce	   small	   indels,	   we	   designed	   the	   CRISPRs	   to	   cut	   around	   30	   bp	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downstream	  to	  the	  BTC	  stop	  codon	  and	  not	  on	  the	  stop	  codon	  area	  itself.	  By	  doing	  this	  we	  reduce	  the	  probability	  of	  harming	  the	  stop	  codon	  and	  hence	  allowing	  normal	  expression	  of	  BTC	   from	   the	   targeted	   allele.	   We	   chose	   T2A-­‐td-­‐tomato	   as	   a	   reporter	   gene	   for	   several	  reasons.	   	  Green	   fluorescent	  protein	  (GFP)	   is	  a	  commonly	  used	  reporter	  gene	  presente	   in	  many	  reporter	  mice.	  With	  the	  tomato	  we	  will	  obtain	  a	  different	  colour	  rather	  than	  GFP	  and	  therefore	  we	  can	  cross	  BTC	  reporter	  mice	  with	  others	  that	  contains	  GFP	  and	  we	  would	  be	  able	   to	   visualize	   the	   two	   colours	   independently.	   The	   td-­‐tomato	   consists	   of	   a	   dimer	   of	  tomato	  which	  is	  brighter	  than	  enhanced	  green	  fluorescent	  protein	  (EGFP)	  and	  it	  is	  highly	  photo-­‐stable	   (Shaner,	   Steinbach,	   &	   Tsien,	   2005).	   It	   also	   presents	   a	   long	   half-­‐life	  (Muzumdar,	   Tasic,	   Miyamichi,	   Li,	   &	   Luo,	   2007).	   As	   BTC	   immunostaining	   proved	   very	  difficult	   and	   challenging	   (María	   Victoria	   Gómez-­‐Gaviro	   et	   al.,	   2012)	   we	   think	   it	   may	   be	  wise	   to	   choose	   a	   reporter	   gene	   with	   a	   long	   half-­‐life.	   The	   short	   wave	   lenths	   of	   red	  fluorescent	  reporters	  also	  permits	  them	  to	  visualized	  deeper	  within	  tissues	  than	  GFP,	  YFP	  or	  CFP.	  Another	  aspect	   for	  consideration	  was	  which	   linker	   to	  use	  between	  the	  BTC	  gene	  and	   the	   reporter	   gene.	  We	   chose	   T2A	   instead	   of	   an	   internal	   ribosome	   entry	   site	   (IRES)	  because	   it	   is	   known	   that	   IRES	   produces	   lower	   amount	   of	   protein	   from	   the	   downstream	  gene,	  which	  tends	  not	  to	  happen	  with	  2A	  peptides	  (Chan	  et	  al.,	  2011).	  	  Another	  important	  aspect	   that	  we	  had	   to	   think	   about	  was	   the	   length	  of	   the	  homology	   arms.	   In	   (Yang	  et	   al.,	  2013)	   the	   homology	   arms	   were	   between	   2-­‐4.5	   kb,	   therefore	   we	   decided	   to	   pick	   an	  intermediate	  size	   for	   the	  homology	  arms	  (around	  3	  kb	  each).	  Two	  sets	  of	  CRISPRs	  were	  design	  targeting	  30bp	  downstream	  the	  STOP	  codon.	  The	  reason	  that	  led	  us	  to	  design	  two	  CRISPRs	  was	  the	  same	  as	  in	  the	  case	  of	  the	  design	  for	  the	  conditional	  mutation.	  The	  3	  kb-­‐long	  5’	  homology	  arm	  includes	  part	  of	   intron	  3,	  exon	  4,	   intron	  4	  and	  part	  of	  exon	  5	  until	  the	   STOP	   codon	   (not	   including	   it)	  whereas	   the	   3	   kb-­‐long	   3’	   homology	   arm	   starts	   30	   bp	  downstream	  to	  the	  STOP	  codon	  and	  includes	  intron	  5	  and	  the	  majority	  of	  exon	  6	  (Figure	  36).	  	   To	  generate	  a	   reporter	  mouse	  we	  can	  either	  use	  ESCs	  or	   zygotes.	  We	  decided	   to	  make	  use	  of	  TESCO-­‐CFP	  ESCs	   instead	  of	  zygotes	  or	  wild	   type	  ESCs	   for	   the	  same	  reasons	  mentioned	  above	  for	  the	  conditional	  mutation.	  We	  tried	  three	  different	  combinations;	  the	  first	  was	   the	  vector	  alone	  and	  the	  other	   two	  were	   the	  vector	  plus	   the	  CRISPRs.	  The	   idea	  was	   to	   preferentially	   generate	   a	   reporter	   mouse	   without	   using	   CRISPR/Cas	   technique	  because	  with	  the	  CRISPR,	  it	  would	  target	  both	  alleles	  and	  could	  induce	  a	  mutation	  in	  one	  of	  the	  alleles	  and	  we	  preferred	  to	  keep	  one	  of	  the	  alleles	  wild	  type.	  In	  addition	  there	  is	  the	  risk	  of	  having	  off-­‐target	  effects.	  Nevertheless	  we	  transfected	  the	  ESCs	  with	   the	  construct	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plus	  CRISPR	  as	   it	  was	  demonstrated	   that	   it	   is	  more	  efficient	   in	  generating	  reporter	  mice	  (Yang	  et	   al.,	   2013).	  The	   reason	   for	   this	   is	   that	   the	  addition	  of	   the	  CRISPRs	  enhances	   the	  recombination	  process	  by	  the	  formation	  of	  DSBs.	  In	  the	  case	  of	  the	  BTC	  reporter	  mice	  we	  just	  need	  a	  heterozygous	  clone	  because	  BTC	  expression,	  even	  in	  the	  case	  of	  heterozygous,	  will	   drive	   the	   expression	   of	   reporter	   gene,	   and	   on	   the	   contrary,	   it	  will	   even	   be	   safer	   to	  work	  with	  heterozygotes	  rather	   then	  homozygotes	  because	  we	  can	  be	  certain	   that	   there	  will	  be	  at	   least	  half	   the	  normal	   levels	  of	  BTC	  protein	  produced	   from	  the	  wild	   type	  allele.	  For	   screening	   the	   colonies	  we	   first	   designed	   two	  different	   Southern	   blot	   strategies.	   The	  first	  made	  use	  of	  XmaI,	  an	  enzyme	  that	  cuts	  outside	  the	  5’	  homology	  arm	  and	  inside	  the	  3’	  homology	  arm,	  but	  it	  does	  not	  cut	  inside	  our	  fragment.	  Based	  on	  this	  Southern	  we	  would	  discriminate	  the	  colonies	  based	  on	  3kb	  length	  difference	  (which	  is	  the	  size	  of	  the	   insert)	  (Figure	  43	  wt).	  The	   idea	  was	   that	   if	  we	  got	  any	  positive	   colonies	   from	   this	  Southern	  we	  would	  do	  the	  second	  Southern,	  which	  consists	  in	  a	  double	  digestion	  with	  XmaI	  and	  SacII,	  to	   confirm	   the	   integration	   of	   the	   reporter	   gene	   (Figure	   43	  Reporter).	   The	   SacII	   enzyme	  digests	  inside	  the	  reporter	  allele	  but	  not	  inside	  the	  wild	  type	  allele	  meaning	  that	  based	  on	  this	  we	  would	  obtain	  different	  lengths	  of	  bands	  in	  the	  Southern	  blot	  if	  we	  had	  a	  reporter	  allele	  and	  this	  would	  confirm	  that	  we	  had	  the	  insertion	  of	  the	  correct	  fragment.	  The	  probe	  used	   on	   both	   Southern	   blots	   should	   be	   the	   same.	   However	   we	   had	   some	   difficulties	   in	  establishing	   the	   Southern	   blot	   technique	   with	   this	   specific	   genomic	   locus.	   In	   total	   we	  designed	  9	  different	  probes	  and	  none	  of	  them	  worked.	  In	  some	  of	  the	  cases	  we	  got	  a	  smear	  and	   in	   the	   other	   cases	  we	   could	   not	   get	   any	   signal.	   Therefore,	  we	   decided	   to	   digest	   the	  DNA	   with	   a	   different	   enzyme,	   EcoRI.	   This	   cuts	   the	   DNA	   outside	   the	   5’	   homology	   arm,	  inside	   the	  3’	  homology	  arm	  and	  also	   inside	   the	   fragment	  of	   the	   interest	   (Figure	  44).	  For	  this	  Southern,	  5	  different	  probes	  were	  designed	  and	  tested	  but	  just	  probe	  F	  worked.	  After	  establishing	  the	  Southern	  blot	  pattern	  of	  this	  locus,	  we	  proceeded	  to	  the	  analysis	  of	  the	  ES	  cells	  clones	  that	  were	  transfected	  just	  with	  the	  construct	  (pnTKV-­‐T2A-­‐td-­‐tomato)	  and	  the	  clones	  that	  were	  transfected	  with	  the	  construct	  and	  two	  different	  CRISPRs	  (G5	  int5	  and	  G7	  int5).	  In	  total	  17	  clones	  were	  screened,	  but	  only	  1	  presented	  the	  correct	  size	  of	  the	  bands	  (G7	   int5	   clone	   13)	   for	   the	   integration	   of	   the	   reporter	   gene.	   Based	   on	   Southern	   Blot	  analysis,	   this	   clone	   seems	   to	  be	  heterozygous,	  because	   it	  presents	  one	  band	  around	  6kb	  and	  another	  around	  8kb,	  	  while	  homozygotes	  would	  have	  only	  one	  band	  of	  8kb.	  Although	  efficiencies	   cannot	   be	   calculated	   with	   only	   one	   correctly	   targeted	   clone,	   this	   would	  correspond	   to	   the	   expected	   frequency	   (around	  8%)	   reported	  by	  Yang	   et	   al.	   (Yang	   et	   al.,	  2013).	  Further	  analysis	   is	  needed	   in	  order	   to	   fully	  confirm	   if	   this	   clone	   is	   really	  positive	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  Post-­‐stroke	  estradiol	  treatment	  enhances	  neurogenesis	  in	  the	  subventricular	  zone	  of	  rats	  after	  permanent	  focal	  cerebral	  ischemia.	  Neuroscience,	  231,	  82–90.	  doi:10.1016/j.neuroscience.2012.11.042	  Zhu,	  Y.,	  Jin,	  K.,	  Mao,	  X.,	  &	  Greenberg,	  D.	  (2003).	  Vascular	  endothelial	  growth	  factor	  promotes	  proliferation	  of	  cortical	  neuron	  precursors	  by	  regulating	  E2F	  expression.	  
FASEB	  J.,	  17,	  186–193.	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Table	  IV-­‐	  CRISPR	  oligo	  sequences	  with	  the	  PAM	  motif	  in	  Blue.	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Table	   V	   -­‐	   The	   Sequences	   of	   oligos	   used	   for	   homology	   recombination	   in	   the	  
conditional	   mice	   generation.	   Restriction	   enzymes	   are	   represented	   by	   underline	  
whereas	  the	  LoxP	  site	  is	  in	  orange.	  	  
Name	  of	  the	  
Oligo	  
Sequence	  5’à3’	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Table	  VI	  –	  Primers	  used	  to	  amplify	  int	  2	  and	  int	  4	  from	  BTC	  gene.	  
Name	  of	  the	  
primer	  
Sequence	  5’à3’	   Intron	  
BTC	  36644	  F	   TATTGCACCAGGTACCGT	   2	  
BTC	  37539	  R	   GCTCAGACTTTCCAATGCT	   2	  
BTC	  41253	  F	   TTCATCATTTTAGTCATCGGC	   4	  
BTC	  42028	  R	   ATCTAATTGTGGAGCTGGTCA	   4	  
	  
	  
Table	  VII	  –	  Primers	  used	  to	  amplify	  the	  3’	  and	  the	  5’	  arm.	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Table	  VIII	  –	  Primers	  used	  for	  screening	  the	  presence	  of	  the	  BTC	  homology	  arms	  in	  
the	  generation	  of	  a	  BTC	  reporter	  mice.	  
Name	  of	  primer	   Sequence	  	  5’à3’	  Neo	  1	  F	   CTGACTAGGGGAGGAGTA	  Neo	  2	  F	   CTTCCATTTGTCACGTCCT	  Reporter	  9753	  F	   TAATGAAGATCTCCTGCCAATTC	  Reporter	  1821	  F	   GGTTATTATTTTGGGCGTTGC	  	  Reporter	  24601	  F	   	  TGTATGAACAATCGAAGCTT	  	  Reporter	  5'	  3389	  F	   GTGAGAAAGGCTACTTTGGG	  Reporter	  5'	  4161	  F	   	  GTACTGAAAGGGGATGTTGT	  	  Reporter	  5'	  4981	  F	   	  GAAGTCCTCTTCGGAAACAT	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Table	  IX	  –	  Primers	  used	  to	  amplify	  the	  southern	  blot	  probes.	  
Name	  of	  primer	   Sequence	  	  5’à3’	  Probe	  A	  F	   GATCTGTGAGCATGGACG	  Probe	  A	  R	   CTTGAAAAGTCAGGTCCTCTC	  Probe	  B	  F	   TTTTCTCCTAATGGGATGCC	  Probe	  B	  R	   CGGGTGACTATTTTCACAGG	  Probe	  C	  F	   TTCATTGACCGGTGAAATGAC	  Probe	  C	  R	   GCCAGTACTGCTTCAGTAAG	  Probe	  D	  F	   CTTGTGGCTCTTTTCTCAACAT	  Probe	  D	  R	   CGAGCATCCTAACACGATTAG	  Probe	  E	  F	   GTTCCAATCATCTCCTGGG	  Probe	  E	  R	   CTTTTCATCTCAGAGGATGACA	  Probe	  F	  F	   GGCATAAGAACTGCTTGTGTAA	  Probe	  F	  R	   TCTTTAACAAGCCTGCTACATC	  Probe	  G	  F	   TACTTCACAGAGGGATCAAGT	  Probe	  G	  R	   TTGCATCACCAGTAGGAAAAA	  Probe	  H	  F	   GAACCCAGAGTTCATAGTTCTAG	  Probe	  H	  R	   TGTAGCTGACAAAATGCTTCAG	  Probe	  I	  F	   GCAATCTCACTGCCTAAGAT	  Probe	  I	  R	   TGCACAGACACATAAAACAAGT	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Zhang Lab, MIT 2013
About (/about) Contact (mailto:crispr.design@gmail.com)
guide #16 quality score: 57
guide sequence: TAATACATAGCAACTCTGTG GGG
on-target locus: chr5:-91795622
number of offtarget sites: 249 (13 are in genes)
show all exonic
sequence score mismatches
AAGTACATAACAACTCTGTGAGG 2.5    3MMs [1:3:10]    
ATACACATAGCAACTCTGTGGGG 2.4     3MMs [1:2:4]    
TAAATCATACCAACTCTGTGCAG 2.3    3MMs [4:5:10]    
TAATATGTAGCAACTCTGTGTAG 2.2      2MMs [6:7]     
CAATACAGAGAAACTCTGTGAGG 1.6    3MMs [1:8:11]    
TAACACATTTCAACTCTGTGCAG 1.4    3MMs [4:9:10]    
TATTGTATAGCAACTCTGTGTAG 1.4     3MMs [3:5:6]    
TAAAACAAAGCAACTCTGTCCAG 1.4    3MMs [4:8:20]    
TGAACCAGAGCAACTCTGTGGAG 1.4    4MMs [2:4:5:8]   
TAATCCATATAAACTCTGTGTAG 1.3    3MMs [5:10:11]   
TGTGACATACCAACTCTGTGTGG 1.3   4MMs [2:3:4:10]   
CAATACATATCAGCTCTGTGGGG 1.1    3MMs [1:10:13]   
GCAAACTTAGCAACTCTGTGAAG 0.9    4MMs [1:2:4:7]   
TAATTCATGGTAACTCTGTGAAG 0.9    3MMs [5:9:11]    
AAAGAAAAAGCAACTCTGTGCAG 0.8    4MMs [1:4:6:8]   
GGAAATATAGCAACTCTGTGCAG 0.8    4MMs [1:2:4:6]   
AAAAACAGAGAAACTCTGTGCAG 0.8   4MMs [1:4:8:11]   
AGATACACAGAAACTCTGTGGAG 0.8   4MMs [1:2:8:11]   
ATAAACATAGTAACTCTGTGTGG 0.8   4MMs [1:2:4:11]   
GAATACACGACAACTCTGTGTAG 0.8   4MMs [1:8:9:10]   
TATGAGACAGCAACTCTGTGAGG 0.8    4MMs [3:4:6:8]   
GACTCAATAGCAACTCTGTGAAG 0.8    4MMs [1:3:5:6]   
GACCACATAGGAACTCTGTGCAG 0.8   4MMs [1:3:4:11]   
TTATACAACCCAACTCTGTGGAG 0.8   4MMs [2:8:9:10]   
TTATACAATCCAACTCTGTGCAG 0.8   4MMs [2:8:9:10]   
TTCTACAGAGGAACTCTGTGAGG 0.8   4MMs [2:3:8:11]   
TGGTACATTCCAACTCTGTGAGG 0.8   4MMs [2:3:9:10]   
TACTTAATACCAACTCTGTGAAG 0.8   4MMs [3:5:6:10]   
GAAAACATACAAACTCTGTGGAG 0.7   4MMs [1:4:10:11]  
CAATACACAAGAACTCTGTGTGG 0.7   4MMs [1:8:10:11]  
TGATTCACAGCTACTCTGTGAGG 0.7   4MMs [2:5:8:12]   
AATTACACAGCAACTCTGTCAAG 0.7   4MMs [1:3:8:20]   
GATCACATAGCAACTCTGTTGGG 0.7   4MMs [1:3:4:20]   
TATTTCAAAGCCACTCTGTGTGG 0.7   4MMs [3:5:8:12]   
CCATACATACCGACTCTGTGAAG 0.7   4MMs [1:2:10:12]  
TAATACAAAACAACGCTGTGAGG 0.6    3MMs [8:10:15]   
AACTTCATAGCAACTCAGTGAAG 0.6   4MMs [1:3:5:17]   
GAACACCTTGCAACTCTGTGGAG 0.6    4MMs [1:4:7:9]   
TGAGGCATAGCAGCTCTGTGGAG 0.6   4MMs [2:4:5:13]   
TTATGCAAAGCATCTCTGTGAAG 0.6   4MMs [2:5:8:13]   
TTTTACACAGCATCTCTGTGTGG 0.6   4MMs [2:3:8:13]   
TGATAAGCAGCAACTCTGTGGAG 0.6    4MMs [2:6:7:8]   
TGATACAGATCAACTCAGTGTGG 0.6   4MMs [2:8:10:17]  
TAACTCACAGCACCTCTGTGAAG 0.6   4MMs [4:5:8:13]   
AAACCCATAGCAACTCTGAGGGG 0.5   4MMs [1:4:5:19]   
CATTACAGAGCAACTCTGAGGGG 0.5   4MMs [1:3:8:19]   
TTCTAAATGGCAACTCTGTGAAG 0.5    4MMs [2:3:6:9]   
AAAGACATTGGAACTCTGTGTAG 0.5   4MMs [1:4:9:11]   
AAAGAAATAGAAACTCTGTGTAG 0.5   4MMs [1:4:6:11]   
all guides
scored by inverse likelihood of offtarget binding
 
score sequence
Guide #1 94 GAGTCACGACTTAATATCGT TGG
Guide #2 88 GGGTGTAGGGAATCCCTTAA GGG
Guide #3 83 TAGGGAATCCCTTAAGGGCC TGG
Guide #4 81 ATCGTTGGCACGTGAGAAAT GGG
Guide #5 78 TGGGTGTAGGGAATCCCTTA AGG
Guide #6 76 TATCGTTGGCACGTGAGAAA TGG
Guide #7 74 GATGGCTTCCAGGCCCTTAA GGG
Guide #8 64 GAGATATCTGCATCACATCT TGG
Guide #9 64 ATCTCGGGATACATGAGAGA TGG
Guide #10 62 AGATGTGATGCAGATATCTC GGG
Guide #11 62 ATAATACATAGCAACTCTGT GGG
Guide #12 61 CATAATACATAGCAACTCTG TGG
Guide #13 60 AGATGGCTTCCAGGCCCTTA AGG
Guide #14 58 TAAAGAAGTTCAGTGGGTAT TGG
Guide #15 57 AAGATGTGATGCAGATATCT CGG
Guide #16 57 TAATACATAGCAACTCTGTG GGG
Guide #17 53 ATACATGAGAGATGGCTTCC AGG
Guide #18 49 GTTAATATAAAGAAGTTCAG TGG
Guide #19 46 TTAATATAAAGAAGTTCAGT GGG
Guide #20 43 CATCAAGAAAATCTTTGTAT TGG
Guide #21 32 GTGGGGCAGACAGAAGAGTC TGG
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Zhang Lab, MIT 2013
About (/about) Contact (mailto:crispr.design@gmail.com)
guide #1 quality score: 88
guide sequence: ATATGGTCACAAAACGGTTT TGG
on-target locus: chr5:-91791087
number of offtarget sites: 112 (7 are in genes)
show all exonic
sequence score mismatches
ATATGGACAGAAAACGGTGTAAG 0.6    3MMs [7:10:19]   
ATAAAGTCAGAAAACGATTTTAG 0.5   4MMs [4:5:10:17]  
ATATCGTCACCAAAAGGTTTGAG 0.4    3MMs [5:11:15]   
AAATGGCCAGAAAACGTTTTTAG 0.4   4MMs [2:7:10:17]  
ATATAGTCAGAAACCGGTTTGGG 0.4    3MMs [5:10:14]   
GTAGGGTTACAAAACTGTTTAAG 0.3   4MMs [1:4:8:16]   
ACATGGTCACACAACAGTTTGGG 0.3    3MMs [2:12:16]   
TTATGTTTACAAAATGGTTTGGG 0.3   4MMs [1:6:8:15]   
TTATGGTTAGAAAACTGTTTTAG 0.3   4MMs [1:8:10:16]  
TTTTGCTCACAAAAAGGTTTTGG 0.2   4MMs [1:3:6:15]   
ATGGGTTCACAAAAAGGTTTCAG 0.2   4MMs [3:4:6:15]   
ATGTGCTAACAAAAGGGTTTTAG 0.2   4MMs [3:6:8:15]   
ATAAAGTCAGAAAACTGTTTCGG 0.2   4MMs [4:5:10:16]  
ATATTGTCTGAAAAAGGTTTTAG 0.2   4MMs [5:9:10:15]  
AAATGGTGAGAAAGCGGTTTCAG 0.2   4MMs [2:8:10:14]  
TTAAGGTCACAGAAGGGTTTAGG 0.2   4MMs [1:4:12:15]  
CTCTGGTCACAGAAAGGTTTGAG 0.2   4MMs [1:3:12:15]  
AAAGGGTCACAGAATGGTTTTGG 0.2   4MMs [2:4:12:15]  
ACATGGTTACAAGACGGTGTAAG 0.2   4MMs [2:8:13:19]  
ATATTGTCAAGAAATGGTTTAAG 0.2  4MMs [5:10:11:15]  
AAATAGTCACAAAAGGGTTCTGG 0.2   4MMs [2:5:15:20]  
ATGTGGTCAGAGAAGGGTTTGAG 0.2  4MMs [3:10:12:15]  
CTATGATTACAAAACTGTTTTGG 0.2   4MMs [1:6:8:16]   
GTATTTTCACAAAACAGTTTTAG 0.2   4MMs [1:5:6:16]   
ACAAGGTCCCAAAACCGTTTTAG 0.2   4MMs [2:4:9:16]   
AGATGGTTACAAAATGATTTGAG 0.2   4MMs [2:8:15:17]  
AGATGGTAACAAAAGGCTTTCAG 0.2   4MMs [2:8:15:17]  
ATTTGGCCATAAAACAGTTTTAG 0.2   4MMs [3:7:10:16]  
TTCTGTTCACAAAACAGTTTAAG 0.2   4MMs [1:3:6:16]   
ATATGGTCAAAAAGCGGTTGTGG 0.2   3MMs [10:14:20]   
AACTGTTCACAAAACTGTTTGAG 0.2   4MMs [2:3:6:16]   
AGATGCTCACATAACGGTCTGAG 0.2   4MMs [2:6:12:19]  
AGATGGTCATAAAAGGATTTGGG 0.2  4MMs [2:10:15:17]  
TTATGGTCAGAATATGGTTTAAG 0.1  4MMs [1:10:13:15]  
ATATGTTCAGAAAACGTTTAGAG 0.1  4MMs [6:10:17:20]  
AAATGGGCACAGAAAGGTTTGAG 0.1   4MMs [2:7:12:15]  
AGATGGTAACAGAACTGTTTCAG 0.1   4MMs [2:8:12:16]  
AAATGGACACAAAATGGTTGTGG 0.1   4MMs [2:7:15:20]  
ATAATGTCACACAACAGTTTAGG 0.1   4MMs [4:5:12:16]  
ATATATTCACACAATGGTTTAAG 0.1   4MMs [5:6:12:15]  
ATATCATCACAATACGGTGTTAG 0.1   4MMs [5:6:13:19]  
ATAGGGTCACTGAAAGGTTTAGG 0.1  4MMs [4:11:12:15]  
ATTTGGCCACAAAAGGCTTTGGG 0.1   4MMs [3:7:15:17]  
ATATACTCACAAAAGGGTTACAG 0.1   4MMs [5:6:15:20]  
TTATGGTGACAAAACCTTTTGGG 0.1   4MMs [1:8:16:17]  
ATATAGACACAAAAAGCTTTTAG 0.1   4MMs [5:7:15:17]  
ATTTTGTCACAAAACCATTTGAG 0.1   4MMs [3:5:16:17]  
ATATGGGGACAACAAGGTTTCAG 0.1   4MMs [7:8:13:15]  
AGATGGCCACACAACTGTTTCAG 0.1   4MMs [2:7:12:16]  
AAATGCTCACCAAACAGTTTCAG 0.1   4MMs [2:6:11:16]  
all guides
scored by inverse likelihood of offtarget binding
 
score sequence
Guide #1 88 ATATGGTCACAAAACGGTTT TGG
Guide #2 78 TGATTGAAACGTTTAGCCTA AGG
Guide #3 66 AATCATTTAGCCCTGAAGGC AGG
Guide #4 64 TAAAATTCGTAGATATCCTT AGG
Guide #5 57 ACTATGCAATGAAACAGCTT TGG
Guide #6 57 CATAAACTACACCTGCCTTC AGG
Guide #7 55 ATAAACTACACCTGCCTTCA GGG
Guide #8 46 TTTCAATCATTTAGCCCTGA AGG
Guide #9 41 ATTTTAATATGGTCACAAAA CGG
Guide #10 21 TAAAATTAATTATTTTAATA TGG
Optimized CRISPR Design http://crispr.mit.edu/job/1853021089275521
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Supplementary	  figure	  1-­‐	  Output	  of	  crispr.mit.edu	  website	  with	  different	  guide	  RNA	  and	  the	  
matching	  scores	  for	  int2	  (A),	  int4(B)	  and	  int5(C).	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Zhang Lab, MIT 2013
About (/about) Contact (mailto:crispr.design@gmail.com)
guide #18 quality score: 9
guide sequence: TTTTGTTTGTTTGTTTGAAC AGG
on-target locus: chr5:+91789730
number of offtarget sites: 500 (30 are in genes)
show all exonic
sequence score mismatches
TTTTGTTTGTTTGTTTGAAGCAG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTGAATAGG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTGAAGAAG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTGAAGCAG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTGAATGAG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTGAAACGG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTGAAATGG 41.7      1MMs [20]      
TTTTGTTTGTTTGTTTCAACAAG 38.5      1MMs [17]      
TTTTGTTTGTTTGTTTTAACAAG 38.5      1MMs [17]      
TTTTGTTTGTTTGTTTTAACCAG 38.5      1MMs [17]      
TTTTGTTTGTTTGTTTAAACAAG 38.5      1MMs [17]      
TTTTGTTTGTTTGTTTGAGCTAG 31.5      1MMs [19]      
TTTTGTTTGTTTGTTTGATCAAG 31.5      1MMs [19]      
TTTTGTTTGTTTGTTTGCACAAG 19.6      1MMs [18]      
TTTTGTTTGTTTGTTTGCACTGG 19.6      1MMs [18]      
GTTTGTTTGTTTGTTTGAAGTAG 10.4     2MMs [1:20]     
TCTTGTTTGTTTGTTTGAAGAAG 8.6     2MMs [2:20]     
TATTGTTTGTTTGTTTGAAAAAG 8.6     2MMs [2:20]     
TTGTGTTTGTTTGTTTGAAACAG 7.2     2MMs [3:20]     
GTTTGTTTGTTTGTTTCAACTGG 5.9     2MMs [1:17]     
GTTTGTTTGTTTGTTTTAACTAG 5.9     2MMs [1:17]     
GTTTGTTTGTTTGTTTTAACAAG 5.9     2MMs [1:17]     
GTTTGTTTGTTTGTTTTAACAAG 5.9     2MMs [1:17]     
GTTTGTTTGTTTGTTTTAACGGG 5.9     2MMs [1:17]     
TTTTTTTTGTTTGTTTGAAGGAG 5.7     2MMs [5:20]     
TTTTTTTTGTTTGTTTGAATGAG 5.7     2MMs [5:20]     
TTTTTTTTGTTTGTTTGAAAAAG 5.7     2MMs [5:20]     
GCTTGTTTGTTTGTTTGAACCAG 5.2      2MMs [1:2]     
ATTTGTTTGTGTGTTTGAACTAG 4.8     2MMs [1:11]     
TTTTTTTTGTTTGTTTCAACAGG 3.9     2MMs [5:17]     
TTTTATTTGTTTGTTTTAACTGG 3.9     2MMs [5:17]     
TTTTTTTTGTTTGTTTGATCTGG 3.8     2MMs [5:19]     
GTTTGTTTGTTTGTTTGTACAGG 3.4     2MMs [1:18]     
CTTTGTTTGTTTGTATGAACCAG 3.3     2MMs [1:15]     
TCTTGTTTGTTTGTTTGTACCAG 3.0     2MMs [2:18]     
TATTTTTGGTTTGTTTGAACTAG 2.5     3MMs [2:5:8]    
TTTTGTTTTTTTGTTTGAAATGG 2.4     2MMs [9:20]     
TTCTATTTGCTTGTTTGAACAAG 2.4    3MMs [3:5:10]    
GTTTGTTTGTTTGTTAGAACTGG 2.3     2MMs [1:16]     
TTTTGTCTATTTGTTTGAACTAG 2.3      2MMs [7:9]     
TTTTGTGTGTTTGTTTAAACAGG 2.3     2MMs [7:17]     
TTTTCTTTGTTTGTTTGGACAGG 2.2     2MMs [5:18]     
TTTTCTTTGTTTGTTTGTACAGG 2.2     2MMs [5:18]     
TTTTGCTTGTTTGTTTGATCTAG 2.1     2MMs [6:19]     
ATATGTATGTTTGTTTGAACTGG 1.7     3MMs [1:3:7]    
TGTTATGTGTTTGTTTGAACAAG 1.7     3MMs [2:5:7]    
TTAGGTATGTTTGTTTGAACTGG 1.6     3MMs [3:4:7]    
CTTGGTTTTTTTGTTTGAACCAG 1.6     3MMs [1:4:9]    
TGTTGTTCCTTTGTTTGAACGAG 1.6     3MMs [2:8:9]    
all guides
scored by inverse likelihood of offtarget binding
 
score sequence
Guide #1 81 GTGTGGTGAACGTAGTAGAA GGG
Guide #2 81 AGTGTGGTGAACGTAGTAGA AGG
Guide #3 69 ACATGGTGAAGCCCCAAGTC AGG
Guide #4 66 ACAGTTAGGGCAAAACTTTT AGG
Guide #5 63 AGACTGTAAGTCCTGACTTG GGG
Guide #6 61 TATTATGTCATGATACAGTT AGG
Guide #7 61 AGAGACTGTAAGTCCTGACT TGG
Guide #8 59 TAATAATTATTGACTGGAAT TGG
Guide #9 59 GAGACTGTAAGTCCTGACTT GGG
Guide #10 56 ATTATGTCATGATACAGTTA GGG
Guide #11 55 CAGTCAATAATTATTAGACA TGG
Guide #12 54 AATAATTATTGACTGGAATT GGG
Guide #13 46 CATGTCTAATAATTATTGAC TGG
Guide #14 29 TGAATTTGTCTTTAGATGTT TGG
Guide #15 25 TAAGACAGAAAAATAGAAAC AGG
Guide #16 23 AGACAGAAAAATAGAAACAG GGG
Guide #17 18 AAGACAGAAAAATAGAAACA GGG
Guide #18 9 TTTTGTTTGTTTGTTTGAAC AGG
Optimized CRISPR Design http://crispr.mit.edu/job/4646810673707047
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